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!. Introduction - The role of calcium in biological systems 

In the past few years, calcium has been recognized as the key ion in regulating cellular 
functions. A nerve action potential is triggered and modulated by calcium influx through 
the axon membrane [1,2], and muscle contraction is evoked by calcium release from 
sarcoplasmic reticulum, or from membrane-associated calcium pools, into the cytoplasm 
[3]. In cellular responses to different stimuli, calcium may function either by itself as an 
intracellular 'second messenger'; or, by affecting adenylate cyclase and/or phosphodi- 
esterase enzyme activities, calcium may modulate the second messenger role of cyclic 
AMP [4]. Intracellular redistribution of calcium was shown to regulate various contractile 
and secretory mechanisms, membrane and other cellular events -poss ib ly  through the 
activation or inhibition of specific enzyme systems (for a summary of calcium effects, see 
the recent review by Case [5]). The proposed positive control of cell proliferation by cal- 
cium, and the loss of this control in tumorigenic cells attracted much attention [6]. 

All the regulatory functions of calcium depend upon its specific distribution: the cal- 
cium concentration in the cytoplasm is less than 10-s -10  -7 M, in contrast to the much 
higher calcium levels (about 10 -3 M) in the extracellular fluids and in intracellular organ- 
elles such as mitochondria, endoplasmic reticulum, or sarcoplasmic reticulum in muscle. 
The non-equilibrium calcium distribution is maintained by binding and sequestration of 
calcium in the cell interior and by the calcium-transporting systems of the plasma mem- 
brane and the intracellular membranes. As an ultimate way to control the low cellular cal- 
cium concentration, animal cells extrude this divalent cation by the Na*-Ca 2÷ exchange 
mechanism and/or by the ATP-driven calcium pump of the plasma membrane. Human red 
cells may serve as a suitable model system for studying the latter calcium transport, espe- 
cially because they seem to lack a system for Na*-Ca 2+ exchange [7,8]. The ready avail- 
ability and relative stability of the human erythrocyte, its lack of intracellular organeltes 
or membrane elements, and the fact that the functional properties of its plasma mem- 
brane are preserved for a long time in vitro have made this cell one of the most exten- 
sively studied materials of membrane physiology and biochemistry. At present, we possi- 
bly know more about membrane functions and particularly transport in red cells than in 
any other biological systems. 

The |bllowing sections only briefly summarize the large amount of data concerning the 
problems of passive calcium permeation and the effects of calcium on red cell functions. 1 
have concentrated on the ATP-dependent 'active' calcium transport, the 'calcium pump' 
in the red cell membrane. The focus of the present review is on the most recent advances 
in this field; especially the regulation of the calcium pump is discussed (for more details, 
the reader should refer to the excellent review by Schatzmann [7]). 

II. Calcium in the red cell and its effects on cellular functions 

The physiological calcium concentration in human red cells, as determined by careful 
atomic absorption measurements, is between 10 and 20 ~mol/l of cells [9-13]  and most 



161 

of this calcium is attached to tile cell membrane 19,10]. Cytoplasmic calcium concentra- 
tion is ira lhe range 10-6-10 -7 M, about three orders of magnitude smaller than that in 
the blood plasma. Any intracellular buffering of calcium makes this large, inwardly 
directed gradient even steeper and maintaining this calcium distribution requires powerful 
defence mechanisms. These are the low passive permeability of the red cell membrane 
for calcium and the ATP-dependent, active calcium extrusion from the cell interior. 

Tile rate of calcium uptake by normal, freshly drawn human red cells when incubated 
in iso-osmotic saline media (containing 2--10 mM calcium)is almost undetectable. Tile 
low permeability of  the membrane for calcium can be shown if active calcium extrusion is 
inhibited by energy depletion or by incubating red cells in tile cold, when calcium uptake 
is as slow :is 1-10 ,umol/1 cells per h /10,14,15]. Exhaustive ATP and 2:3-diphospho- 
glycerate depletion of red cells increases calcium uptake to about 100 ~mol/l cells per h. 
indicating the role of small amounts of ATP in preserving the normal, low permeability of 
tile membrane for calcium [16,171. Increasing the pH [18], and the osmotic concentra- 
tion in the media [13], exposure of the cells to membrane-active drugs such asp-chh>ro- 
mercuribenzenesulfonic acid [19], trinitrocresol [201, propranolol 121 ] or the calcium 
ionophore A23187 I22-241 also enhance calcium influx into red cells (for details see 
Refs. 14and 15). 

If passive calcium influx is not entirely compensated for by active calcium extrusion, 
an increase ira cellular calcium leads to pathological consequences. 

IL4. l:j]bct ~ffcalchtm on red ('ell shape and plasticit.r 

Small increases in intracellular calcium cvoke crenation and increased rigidity in red 
cells [ 12,25- 28]. Establishing an exact relationship to cell calcium concentration anti the 
molecular explanation for these alterations still requires much work. Current theories 
emphasize tile role of contractile proteins of the spcctrm-actin network attached to the 
internal surface of the red cell membrane. The presence of calcium in micromolar concen- 
trations may alter the configuration of this network, thus evoking cell shape changes 
129,301. Calcium-dependent cross-linking of the above proteins may contribute to the 
irreversible stiffening of the red cell membrane under certain conditions [31]. On tile 
other hand, Allan and Michell [32,331 provided evidence for calcimn-dependent changes 
m the lipid composition of the red cell membrane, especially for the accumulation of 
1,2-diacylglycerol during crenation. Whether these changes in the lipid composition 
induce the shape changes or are just concomitant phenomena, is yet to be elucidated. In 
a "coupled bilayer' hypothesis, Sheetz and Singer 134,351 tried to combine the role of 
proteins and lipids in the red cell shape regulation. 

liB. Cah'ium-induced rapM potassium transport [ '(;drdos-effect '] 

In metabolically depleted human red cells, in the presence of calcium, the rate of 
downhill potassium transport across the plasma membrane increases by several orders of 
magnitude 136,37]. The loss of cellular potassium and the concomitant shrinkage of the 
cells are evoked by intracellular calcium [38,39], and the basic role of metabolic deple- 
tion is to enhance calcium influx [15,40]. It is of interest to mention that the data in the 
literature concerning the intracellular calcium concentration-dependence of this ph.enom- 
enon are contradictory. In red cells made leaky to calcium by low concentrations of the 
ionophore A23187 [41] and in calcium-loaded intact red ceils [421, the maximum rate of 
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potassium movement is evoked by 1-2 mM calcium. However, if high concentrations of 
A23187 are applied [41 ], or a CaEGTA buffer Js introduced into metabolically depleted, 
resealed erythrocyte ghosts, the free Ca 2÷ concentration eliciting the same response is 
1-5 ~M [43,44]. A similar discrepancy is also observed when studying the kinetics of 
active calcium trhnsport (see Section IV). The possible relation of the calcium-induced 
potassium transport of red cells to molecular events in stimulus-secretion coupling in 
different cell types has recently attracted much attention {45]. 

HC. Effect o f  calcium on the (Na ÷, K ÷) pump 

Dunham and Glynn [46] first showed that calcium concentrations above 0.1 mM 
strongly inhibit the ouabain-sensitive, (Na÷+ K÷)-stimulated ATPase activity in isolated 
red cell membranes. The inhibition of active sodium-potassium transport by 0.1---0.5 mM 
intracellular calcium has been demonstrated in resealed ghosts [47,48], in intact red cells 
[12,49] and in inverted membrane vesicles [50]. 

!II. Discovery of the red cell calcium pump. Methods for studying calcium movements in 
red cells 

In 1961, Dunham and Glynn [46] demonstrated an ouabain-insensitive, (Ca 2÷ + Mg2÷) - 
stimulated ATPase activity in hemoglobin-free red cell membranes, at that time with an 
unknown physiological role. It was Schatzmann [51] who, 5 years later, discovered the 
presence of an ATP-consuming active calcium extrusion from resealed red cell ghosts. 
Since that time, numerous studies have shown that calcium effiux from human red cells is 
faster by several orders of magnitude than inward calcium movement, and that rapid cal- 
cium effiux requires the splitting of cellular ATP in the presence of magnesium [7,8,10, 
52,53]. The possibility that rapid calcium effiux is only caused by an increase in the cal- 
cium permeability of the membrane by ATP + Mg 2÷, was excluded by demonstrating net 
calcium extrusion against large, inwardly directed calcium concentration gradients [7, 

10531. 
For investigating the characteristics of active calcium transport in red cells, one possi- 

ble way is to introduce calcium into the cell interior and then measure the extrusion of 
this divalent cation. However, prolonged incubation of red ceils in high-calcium media 
causes only very little calcium uptake, and if calcium loading is forced by metabolic 
depletion of the cells, alterations in the membrane structure are most likely to occur 
[7,10]. The preparation of resealed ghosts, the most frequently used technique for cal- 
cium-pump studies, facilitates adjustment of the intracellular ion and nucleotide contents 
as well as the introduction of calcium-chelator buffers into the cells. The disruption of 
the cell membrane during ghost preparation, however, may cause certain artifacts in such 
studies [7]. The use of calcium-loaded intact red cells minimizes these artifacts and pro- 
vides a relatively homogeneous cell population with nearly physiological intracellular 
milieu. The treatment of red cells with p-chloromercuribenzenesulfonic acid [7,19], with 
trinitrocresol [12,20], or with salicylate and thiocyanate [55,56] results in an effective 
calcium loading during a few hours incubation period, without considerable alterations in 
the cell metabolism. The use of ionophore A23187 provides a gentle way of introducing 
calcium into intact red cells. This ionophore is presumed to function as a lipid-soluble 
carrier for divalent cations [57], and the time required to load red cells even with milli- 
molar concentrations of calcium is less than 1 rain. After calcium loading, the ionophore 



l:ig. I. Scanning electron micrographs of intact human red cells loaded with calcium by the ionophore 
A23187 1281. Echinocyte fcJrmation by calcium loading (a) and regeneration c~t" the biconcave shape 
during active calcium extrusion (b). Magnification, X5320. (a) Calcium-loaded human red cells after 
the elimination of calcium ionophore A23187. Intraccllular calcium concentration 160 uM. {b) The 
same cell population as in a, after I0 rain incubation in a medium containing 120 mM KCI, I(1 him 
inosine, 10 mM Tris-HCl (pH 7.4), and 2 mM CaCIz, at 37¢'C. Intracellular calcium ctmcentratiCm in 
spite of the inwardly directed calcium concentration gradient is decreased to less than 5 ,aM. Red 
cells were fixed in iso-osmotic phosphate buffer containing 1"; - glutaraldehyde, and dehydrated in 
increasing concentrations of ethanol. Electron micro,~raphs were kindly prepared for us by l)rs. J. 
Kov.'ics and J. Vigh, Institute of Animal Physiology, I-iitv6s l,or:ind I;niversity of Science, l~udapcst, 
tlungary (Sarkadi, B. and Gzlrdos, G., unpublished data). 
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can be washed away from the membrane in cold, albumin-containing solutions [28], and 
thus membrane injury due to calcium loading is reduced to a minimum (Fig. 1). The red 
cell calcium pump has also been investigated in 'the presence of ionophore A23187, under 
conditions in which the ionophore-catalysed calcium influx was compensated for by the 
active calcium pu~lping [ 13,58]. 

Studies on the molecular basis of the calcium pump, on (Ca2+ + Mg2+)-stimulated 
ATPase, are mostly carried out in hemoglobin-free, fragmented red cell membrane prep- 
arations. The results for the characteristics of this enzyme depend considerably on the 
method of membrane preparation, especially on the presence of calcium and/or calcium- 
chelating agents [50,59 66]. In broken membranes, ATPase measurements cannot be 
connected to transport studies, therefore, the presence of any (Ca 2+ + Mg2+)-dependcnt 
ATP splitting not related to the calcium pump may cause misleading results. In order to 
aw)id this problem, several attempts were made for the simultaneous investigation of 
active calcium transport and (Ca 2÷ + Mg2+)-dependent ATPasc activity in resealed ghosts 
[7,10,67,68], in intact red cells [49], and in inside-out membrane vesicles [69.70]. 

A new possibility for investigating red cell calcium transport was opened up by the 
method of Steck and his coworkers [71,72] for preparing and separating sealed, inside- 
out red cell membrane vesicles. In such vesicles, an (ATP + Mg2+)-dependent calcium 
uptake was first described by Weiner and Lee [73]. The uphill calcium transport in 
inverted membrane vesicles undoubtedly proves the role of the red cell plasma membrane 
in active calcium transport. Furthermore, whilst in calcium-loaded ghosts or intact cells 
the calcium-, magnesium- and ATP-binding sites are in the cell interior, in inside-~ut 
vesicles the 'active centre' of the transport enzyme is on the external membrane surface. 
In the past few years, several laboratories have developed methods for preparing inside- 
out vesicles and for studying active calcium uptake by rapid separation of the vesicles 
from the incubation medium [69,74 80] .  

Probably the most effective and promising way to investigate the molecular character- 
istics of active calcium transport is to isolate the pump protein in a native form, and 
reconstitute the system into artificial lipid membranes. The inherent difficulties of this 
program and the first achievements in it are discussed in Section IX. 

IV. Basic characteristics of the red cell calcium pump 

IVA. Dependence on calcium concentration 

Active calcium transport is an intrinsic property of the red cell plasma membrane and 
the direction of the pump can be changed by changing the orientation of the cell mem- 
brane. If the low, physiological, passive permeability of the membrane for calcium is 
preserved (by using the energy of ATP splitting), the pump is able to establish a lO00- 
to 10000-fold oppositely directed concentration gradient for Ca 2÷. Calcium at the 'cis- 
side' (i.e., at the internal membrane surface) activates the transport system, whilst there is 
almost no effect of calcium at the 'trans-side' [10,12,28,49,52,54,73,76--78]. The calci- 
um pump does not carry monovalent cations; no divalent cations other than Ca 2÷ and 
Sr 2+ can be transported by the system [7,10,49,52,54]. The maximum rate of active cal- 
cium transport is between 2 and 10 mmol/1 ceils per h, i.e., about 0 .5-2  mmoi/g mem- 
brane protein per h, as measured in ghosts, intact red cells, or inside-out membrane vesi- 

cles [ 18,49,54,68,76,80,81 [. 
The early experiments of Schatzmann [51] and Schatzmann and Vincenzi [10] indi- 
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cared that saturation of  the calcium extrusion from resealed ghosts occurred at intra- 
cellular calcium concentrations of  about 1 retool/1 cells. The difficulties in correctly 
estimating the intracellular ('a > concentration, however, hindered exact characterization 
of the kinetics. Calcium binding to the cell mernbrane and to cell conslituents such as 
hemoglobin. ATP or 2,3-diphosphoglycerate makes such an estimation uncertain. In order 
to address this problem, two alternative methods have been used and they have led to 
completely different conclusions. 

The l]rs! method entails measuring the calcium-buffering capacity of  the red cell inte- 
rior in separate experiments and then calculating from these data tile concentration of  
free Ca :+ during transport studies. Schatzmann [54], using equilibrit, m dialysis of  red cell 
homogenate, and Ferreira and [,ew 158,82l, t, sing the ionophore A23187 to allow pas- 
sage of calcium through the rcd cell membrane, concluded that the free Ca z+ is about 20 - 
40c' of the total in a wide concentration range examined (1 /aM to 5 raM). Since half- 
saturation of  the calcium extrusion by int,acellular calcium (Kca) occurs at 600 -500 
/2mot/I red cells or ghosts [ 18,49,56,81 ], the estimated value or Kca,rr,_. e is 120 -000/2M. 

"lhe second method inw)lves the incorporation of  a CaEGTA buffer into resealed 
ghosls and then calculating the free calcium concentration from the knowll stability con- 
slants of  this buffer. By using this method, Schatzmann [54] found a /k'(,a,free value of  
:ll3oul 5 ~M. i.e., about two orders of  magnitude smaller than that reported by himself 
from parallel experiments with unbuffered calcium. It was also demonstrated [54] that 
the transported species from the CaEGTA-loaded ghosts is the uncomplexed, free calci- 
um, and that the activation of  uphill calcium extrusion parallels the activation of  ATP 
splitting in these ghosts. 

l he  calcium concentration dependence o f  the calcium pump could be analyzed m 
detail m inside-out red cell membrane vesicles, which accomplish an ATP + MgZ+-depen - 
dent, t,phi[l, net calcium accumulation (Fig. 2). The maximum calcium transport rate in 
inside-out vesicles depends strongly on the presence or absence of  a low molecular weight, 
waler-solublc, heat-stable cytoplasmic activator protein, rece~3tly termed as 'calmodulin" 
[for details see Section X). if the incub~,tion media contain unbuffered calcium. Kca for 
active calcium accumulation in inside-out vesicles is about 40--50/2M, and the saturation 
of  lhe uptake occurs at 3 0 0 - 5 0 0  #M [78]. Cahnodulin increases the maximum transport 
rate [75-781 and decreases Kca to I 0  15 ,u.M 178]. If we investigate the kinetics of the 
transport by using CaEGTA buffers, Kca.rre eisO.5 l.O/2M, independent of  the presence 
or absencc of  calmodulin [79]. A striking observation is that the maximum transport rate 
is determined by the total calcium concentration in the CaI!(;TA buffer: thus, an interac- 
tion of  calcium, in its EGTA-chelated form. with the calcium pump is postulated [70]. A 
possible explanation lk)r the above results is that the calcium pump in red cells has at least 
two binding sites for calcium: one of  these has a dissociation constant of  about 0.5 /2M 
for calcium, whereas the second binding site has a dissociation constant between 10 and 
50 gM, depending on the presence ~r absence of  calmodulin. In Jlltacl red cells, the Kca 
values are slill greater than 50 /2M. and the maximum transport rate is usually smaller 
than in ghosts or in inside-out vesicles. This is most probably the consequence of  the com- 
plex regulation of  active calcium transport, as discussed in Section X. 

1 I'B. D~Twmlem'e o f  active calcium transport on A TP aml Me 2+ 

Uphill calciunl extrusion from resealed ghosts or intact red cells requires mtracellular 
ATP, whilst calcium accmnulation in inside-out vesicles requires ATP in the incubation 
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Fig. 2. Uphill calcium accumulation in inside-out red cell membrane vesicles in the presence of ATP + 
Mg 2÷. 100 nmol calcium/mg inside-out vesicle (IOV) protein equals about 10 mM intravesicular calci- 
um concentration. Calcium uptake is blocked by EDTA but no calcium release from the vesicles 
occurs in the presence of this non-penetrating chelator. Calcium ionophore A23187 releases vesicular 
calcium. The incubation media contained 120 mM KCI, 20 mM Tris-HCl (pH 7.4), 5 mM MgCI 2, 100 
/aM CaCI 2 (+45Ca tracer), and 0 or 1 mM ATP. At the time indicated by the arrow, the media were 
supplemented with 1 mM EDTA or 5 ~M A23187. The 'activator' is a partially purified calmodulin 
from human red cells. Temperature 37°C. Calcium uptake into the vesicles is measured by a rapid fil- 
tration method. (Reproduced from results of Sarkadi et al. [80], by courtesy of Biochimica et Bio- 
physica Acta.) 

media. By now it is well documented that the splitting of  ATP to ADP and Pi is necessary 
to produce active calcium transport [7,8]. Inorganic phosphate is released in the cell inte- 
rior and there is no movement of  inorganic phosphate or phosphate esters accompanying 
calcium extrusion [83]. ADP, AMP, pyrophosphate  or acetylphosphate cannot support 
active calcium transport  [10,53,70]. GTP, ITP, CTP or UTP, when incorporated into 
resealed ghosts, can substitute for ATP [52,53],  although a higher specificity for ATP was 
found in membrane fragments [84] and in inside-out vesicles [70]. 

In addit ion to ATP, Mg 2÷ must also be present in resealed ghosts or intact cells to 
obtain active calcium extrusion, although magnesium is not t ransported by the calcium 
pump [10,52,53].  In inside-out vesicles, active calcium uptake requires magnesium in the 
medium [73-75 ,78 ,84] .  All these results show a similar sidedness of  the ATP- and Mg 2÷- 

binding sites on the calcium-transport system. 
In inside-out red cell membrane vesicles at low Mg 2÷ levels (0.1 mM), the ATP concen- 

trat ion producing half-maximum rate of  calcium uptake (KArl,)  is 5 - 6 / a M ,  whereas in 
the presence of  4.0 mM Mg 2+ this value increases to about  25/aM. The maximum rate of  
calcium uptake is about three times greater at the higher magnesium concentrat ion than 
at the lower one (Ref. 78 and Fig. 3). Thus, magnesium stimulates the overall calcium 
transport  rate but decreases the apparent affinity of  the pump to ATP (a similar finding 
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1' i.,_'. 3. l . f fecls o f  total ATP and Mg 2+ concentrations on active calcium uptake in inside-out red cell mem- 
brane vesicles (lOV). |ligher Mg 2+ concentrations increase the maximum transport rate and the value 
for K A 11' both in the absence and m the presence of cahnodulin. Lineweaver-Burk plot of the data. 
I "= nmol calcium/mg IOV protein per rain. Incubation medium: 120 mM K('I, 20 mM imidazole-ll('l 
Ipll 7.{I), l()0 ,uM CaCI= (+4S('a tracer). Temperature 37°( ". . . . . . . . . . .  , ILl mM MgCI 2, control; 
• . . . .  A. 0.1 mM Mg('l 2 +cahnodulin; . . . . . .  , 5.0 mM Mg('l 2, control; • . . . . . .  •. 5.0 mM 
}vlg('l 2 + cahnodulin. ('almodulin is partially purified from red cells as described in Ref. 80. inside-out 
vesicles are prepared and calcium uptake is measured :is in Refs. 78 and 80. 

for (( 'a ~÷ + Mg:+)-ATPase ~,ctivily was reported by Schatzmann [85]).  Since high magne- 

sium concenl ra t ions  decrease the level o f  free ATP, one possibility to explain the above 

resuhs is to suppose that the substrale o f  the calcium pump is free ATP. The calculated 

value o f  K.,\II, t.re e is between 1 and 2/aM both at low and high Mg > concentrat ions .  

According to the exper iments  by Muallem and Karlish [g6] on resealed ghosts, ATP 

activales calcium extrusion ahmg a biphasic curve, that is a 'high-" and a ' low-affinity" 

componen t  for ATP is observed (KA.rP.i = 2/aM. KA.rP.2 = 200 /aM}. The authors suggest 

lhal ;.it the high-affinity binding site ATP acts as a subslrate o f  the calcium pun |p ,  while 

higher ATP concent ra t ions  may regulate calcium transport ,  by acting in a non-phos- 

phorylal ing role. Data on (Cae++Mg2+)-ATPase activity and calcium-dependent  mem- 

brane phosphoryla t ion  seem to support lhis view (see below),  a l though in inside-out red 

cell vesicles no biphasic effecl  o f  ATP on calcium uptake was observed [78]. 

II/C. Dependence oJ attire cab'lure transport on temperature and pH eli,'ors ~,f ions 
am/drills 

The Arrhenius plots obtained by measuring the ca lc imn-pump act ivi ty in resealed 

ghosts [52,67,68] .  or  in calcium-h~aded intact red cells 1491 gave values for tile activation 

energy between 13.6 and 15.5 kcal /mol .  In inside-out red cell membrane  vesicles, the 

act ivation energy o f  active calcit, m uptake was 18-. 19 kcal /mol ,  both  in the absence and 

presence o f  file cytoplasmic acl ivator  protein,  cahnodulm IS01 . A rapid inactivation of  

the calcium pump at 4 6 . . 5 0 ° C  was reported in several stt,dies [49,52,80,84] .  The opti- 

mum pH for active calcium transport is between 7.3 and 7.6, as measured under various 

condi t ions  I49,52,80,81 ]. At plI  values higher than 8.0, calmodulin has almost no effect 



168 

on active calcium uptake in inside-out vesicles [80]. 
The presence of cellular magnesium is necessary to obtain active calcium transport in 

ghosts or in intact red cells. The possibility of a mechanism which couples calcium extru- 
sion m the counter-transport of any divalent cation was ruled out by experiments in 
which chelators were added to lhe incubation media. EDTA or EGTA, in concemrations 
which decrease the extracellular free divalent cation concentrations to virtually zero. do 
not affect active calcium extrusion. The addition of Mg 2÷, Sr 2+, Ba >,  Mn 2÷. or Cu e÷ to 
the incubation medium is also without effect on the calcium pumping [7.10,49,53]. By 
introducing divalent cations into resealed ghosts, il was shown that magnesium, barium. 
manganese, and copper are not transported by the calcium pump, whilst strontium can 
substitute for calcium in a competitive manner [7,10,53,87]. Strontium is actively trans- 
ported into inside-out red cell vesicles, and calmodulin stimulates this uptake [501. 

Active calcium extrusion from human red cells does not depend upon active sodium- 
potassium transport, nor upon a transmembrane gradient for sodium or potassium. Thus, 
the contribution of an Na*-Ca z* exchange in this process can be excluded. According to 
the experiments of Schatzmann [7], active calcium transport is present if red cell ghosts 
are prepared free of sodium or potassium. A significant stimulation of active calcium 
uptake is observed in inside-out vesicles by Na ÷ or K ÷, as compared to choline ÷. Tris ÷, or 
Li* [78,80]. Half-maximum stimulation is obtained by 30 -40  mM of either sodium or 
potassium and this stimulation is independent of that produced by calmodulin [80]. 

Ouabain and oligomycin, both potent inhibitors of active Na÷-K * transport, do not 
inhibit the calcium pump. The same is true for several metabolic inhibitors (it" ATP is pro- 
vided) such as NaF and iodoacetate [7,10,40,52]. Considerable inhibition of the calcium 
pump is produced by some SH reagents such as mersalyl, ethacrynic acid, N-ethylmalei- 
mide and p-chloromercuribenzoate [10,49]. Quercetin and its chemical relative, phlore- 
tin, inhibit active calcium uptake in inside-out vesicles, whilst these drugs have no effect 
on the calcium pump in intact red cells [88]. Ruthenium red, a potent inhibitor of the 
mitochondrial calcium uptake, inhibits the calcium pump in inside-out vesicles [80], but 
has only a partial effect in ghosts or intact red cells [7,49]. 

Schatzmann and Tschabold [89] first reported the inhibition of calcium extrusion 
from resealed ghosts by the lanthanides, holmium and praseodymium. A 95% inhibition 
of active calcium tr~msport by 1 -2  • 10 -4 M lanthanum was reported in resealed ghosts 
[68] and in intact red cells ]49]. La 3÷ does not penetrate into intact red cells [49] and 
does not inhibit the sodium-potassium pump under these conditions [28]. Thus, lantha- 
num can be used as a selective inhibitor of the calcium pump in intact erythrocytes. How- 
ever, when lanthanum penetrates into ghosts or acid/citrate/dextrose-stored red cells, it 
inhibits several cellular functions ]90,91]. therefore, a true specific inhibitor of the cal- 
cium pump is still not available. 

V. (Ca 2+ + Mg2+)-ATPase(s) and active calcium transport 

The molecular basis of active calcium transport in human red cells is a (Ca 2÷ + MgZ+) - 
dependent ATPase, through which the energy released in the hydrolysis of ATP is con- 
verted to oriented calcium movement. However, it is difficult to clarify the exact relation- 
ship between calcium transport and the (Ca2++ Mg2+)-ATPase activity which survives 
membrane preparation as measured under various experimental conditions. 

As mentioned in Section III, Dunham and Glynn [46] first demonstrated that in 
hemoglobin-free red cell membranes calcium stimulates an ouabain-insensitive ATP 
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splitting. Calcium-activated ATPase requires the presence of magnesium, and tile opti- 
mtun concentration for calcium is about 0.5--0.8 raM. Highe,- calcium concentrations 
rest, It m enzyme inhibition. Following these experiments, Nakao et al. [02] and Wins and 
Schoffeniels [c)3] reported similar results. The characteristics of  red cell calcium-activated 
ATPase can be summarized as follows: 

Rosenthal et al. [q4] and Clarke and Gril'fith [05] described :, calcium-stimt,lated. 
magnesium-inhibited (!) ATPase in the water-soluble, spectrin- and actin-containing pro- 
tein extract of  human red cell ghosts. This ATPase activity required high calciuln concen- 
trations (up to 6 raM). and ttte maximum rate of  ATP splitting was relatively small (0.02 
mmol/g membrane protein per h). Results from various laboratories could not unequivo- 
cally confirm these observations (see Ref. q6); although, in a recent report. White and 
Ralston [971 described the partial purification of a calcium-stimulated, magnesium- 
inhibited ATPase from water-soluble mentbrane extracts. In all probability, this type of 
ATPase activity has no direct role in calcium pumping. 

Active calcium transport inw)lves the functioning of certain integral membrane pro- 
teins, the strongly membrane-bound (Ca 2+ +Mg>)-ATPases. ltowever, these enzymes 
have significantly different characterislics in various membrane preparations. If mem- 
t~rane fragments are prepared in the presence of I!DTA or other calcium-chelators, 5 0 0 -  
800 /aM calcium is required to produce maximum ATPasc activity ]46.54,81 ]. In mem- 
branes prepared with EDTA- or EGTA-free washiug solutions, only a high-at'l]nity (Ca 2+ + 
Mg 2+) activity is observed (Kca is about 1 -5 ,uM) and the calcium-induced A'I'P splitting 
has a high maximt, m rate (1.5--2.0 mmol/g membrane protein per h) [54,50,98]. Based 
on these resuhs, the low-at'finity (Ca2+ + Mg2+)-ATPase was claimed to be an artifact 
caused by calciuln chelators present during preparation [54,5q]. In contrast, Quist ~,nd 
Roufogalis [61 ], using a variety or" membrane preparations, toulld the qfigh-calcium 
affinity" ATPase easily removable from the membrane, and suggested thal the 'low-calci- 
t,m affinity'  enzyme plays the basic role in active calcium transport. 

In the past few years, several investigators devoted considerable effort to clarit'ymg the 
effects of  membrane preparation on Ibe (Ca2+ + Mg'+)-ATPase activity [60.62 66,?9, 
1001. According to Scharff and Foder [63,64], red cell membrane (Ca 2+ + Mge+)-A'lPase 
may occur in two different states, depending on the calcium concentration during prep- 
aration. State A is obtained in the absence of calcium and shows a low maximum rate of  
ATP splitting, no cooperative behavior in calcium activation and a K(,  a value greater than 
30 /aM. State B (membranes prepared in the presence ot" calcium) is characterized by a 
high rate of  ATP splitting, positive cooperativity in calcium activation and a Kca vah,e of  
about 1 /IM. Farrance and Vincenzi [65,66] demonstrated significant changes in Kc; , of  
ATPase activity in membranes prepared in various buffers with various ionic strength. 
Membra~les showing similar characteristics to ScharfFs "state B" enzymes were obtained in 
iso-osmotic imidazole buffers. According to our present understanding, the reversible 
shifts between low- and high-calciuin affinity states of  (('a 2+ + Mg2+)-A'l'Pase arc caused 
by' the calcium-dependent binding of  a low molecular weight cytoplasmic activator pro- 
tein. calmodulin, to the red cell membrane, and state A and B correspond to the calmodu- 
lin-free and c;,hnodulin-associated form of  the enzyme, respectively [64,q*)1. 

Both low- and high--calcium affinity (Ca 2+ + Mg>)-ATPases are activated by calcium 
and stromium, whilst other divalent cations are much less effective [7,10.101]. C:,lcium- 
stimulated ATP splitting in both types of  membranes is inscilsilive to ouabain and oligo- 
mycin, but is inhibited by lanthanum, ruthenium red, and some SH reagents [10,61, 
102i. Na +. K +, and NH~, as compared to Li +. choline + or Cs +, stimulate (Ca2++ Mg:+) - 
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ATPase in both A and B type membranes [81,102-105],  as well as in partially purified 
enzyme preparations [106]. These findings further support the view that binding of solu- 
ble proteins is responsible for the changes in the kinetic parameters of the calcium-pump 
enzyme. 

As to the role of  ATP and Mg 2+ in the (Ca 2+ + Mg2+)-ATPase activity: from measure- 
ments at different pH values, Wolf [98] concluded that the substrate of the enzyme is 
MgATP, and estimated a Kr,~ATP value of about 50/aM at pH 7.0. In contrast, Schalz- 
mann [85 ], based on experiments carried out at variable ATP, but fixed magnesium and 
calcium concentrations, suggests that the substrate is free ATP and the KATP,free value is 
I.--2 #M. The latter data are in good agreement with tilose obtained measuring active cal- 
cium transport in inside-out vesicles (Ref. 78 and Fig. 3), and with findings in calcium- 
induced membrane phosphorylation by ATP (Section VIlli. 

A biphasic activation of (Ca 2+ + Mg2+)-ATPase by ATP (KAT p values of 1---3 /aM, and 
200-300/aM, respectively: Fig. 4) was observed by Richards et al. [107] and by Muallem 
and Karlish [86,108], indicating a regulatory role of higher ATP concentrations in 
enzyme activity (a similar role of ATP in (Na* + K+)-ATPase activity has been demon- 
strated [1091). 

Parallel with the above studies in broken membrane preparations, several attempts 
were made to investigate (Ca 2÷ + Mg2÷)-ATPase activity in ghosts and in intact red ceils. 
As previously mentioned, both calcium-pump rate and calcium-stimulated ATP splitting 
were half-maximal at 300-500 /aM internal calcium [49,54,56], except when resealed 
ghosts were loaded with a CaEGTA buffer, which decreased this value to about 5/aM 
[54[. If calcium-dependent ATPase activity in intact red cells was examined in the pres- 
ence of high concentrations of the ionophore A23187 [110,111], the enzyme also 
exhibited the high-calcium affinity character. Since the presence of ionophore A23187 
considerably increases the apparent calcium affinity of ATP splitting in broken mem- 
branes [64], as well as for a partially purified (Ca2÷ + Mg2÷)-ATPase [112], the above 
findings may not reflect a physiological state of the calcium-pump enzyme. 

In conclusion, at present we do not know the in vivo and in situ calcium, magnesium, 
and ATP affinity of the red cell (Ca 2÷ + Mg2÷)-ATPase enzyme, but we certainly are aware 
of the role of regulatory effects in their actual values. Apart from these effects, in the 
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Fig. 4. (Ca 2+ + Mg2+)-ATPase activity in fragmented red cell membranes as a function of ATP concen- 
tration. The response of ATPase activity to ATP concentration is biphasic, yielding KAT P values of 
2.5 and 145 ~M, respectively. The incubation medium contained l mM MgC12, 0.5 mM EGTA, 0.7 
mM CaC12, 150 mM Tris-HCl (pH 7.8), at 37°C. (Reproduced from results of Richards et al. [ 107], by 
courtesy of Biochimiea et Biophysica Acta.) 
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author's opinion, the variations in the experimental findings with (Ca 2+ + Mg>)-A'l'Pas~ 
activity can be traced back to the following additional problems: 

1. The human red cell membrane contains significant amounts of  protein kinasc ant 

ph0sphatase activities [113-ll 7]. Microm01ar concentrations of calcium stimulate pro 
rein kinase [118] and/or phosphatase [119] activity. We do not know the physiologica 
function of  these membrane phosphor vlation and dephosphorylation processes in the rec 
cell. and can only assume from parallel studies in other systenls thal they may regulate 
the catalytic properties of  some membrane enzymes (see Ref. 120). The distinctior 
between classical ATPases and prolein kinase + phosphatase systems can be made only or 
a chemical b~,sis. Thus. w, hen measuring (calcit,m + magnesium)-dependent inorgank 
phosphate liberation from ATP, we do not distinguish between these two processes. Since 
we lack a specific inhibitor of  the calcit, m pump, any ATP splitting not relaled to acliv{ 
calcium transport may introduce a considerable error in characterizing the pump en.,'ynle. 

2. The use of  calcium--chelating substances, such as EDTA or EG'FA [791 or the cal 
cium ionophore A23187 164,112] during ATPase or transp~rt assay may alter rite kinetk 
behavior of  the calcium pump. 

Vi. Calcium-stimulated p-nitrophenylphosphate phosphatase and active calcium transport 

Pouch~,n et al. 11211. Garrahan et al. [1221. and Reg:, et al. [1231 described a calcium 
stimulated, ouabain-insensitive p-nitrophenylphosphate phosphatase activity in hunlar 
red cell membrane. This phosphatase activity requires the presence of  ATP and Mg >,  all( 
calcium stimulation is enhanced by K + or Na ÷. Half-maxinmm activation of the phos 
phatasc is produced by low concentrations of  calciunl (Kca ~ g ~M), and only if calciurr 
has :,ccess Io the inner menlbrane surface. On the basis of  these data, the authors sug 
gested tha! tiffs phosphatase activity is a property of  the red cell calcium pump. Thei: 
conclusion is furHler supported by the obserwltion that p-nitrophenylphosphate inhibit: 
(Ca2++Mg2+)-ATPase and active calcium extrusion to a similar extent [123J. On th{ 
analogy af  the (Na*. K ÷) pump, it was proposed, thal in the multi-step reaction of  ~he cal 
cium pump, some of  the intermediate forms can be replaced by p-nitrophenylphosphate 
and the enzyme cahdyzes the hydrolysis of  the latter conlpound. The strict ATP and cal 
cium dependence of  phosphatase activity indicates lhat, in order to catalyze p-nitro 
phenylphosphate splitting, the enzyme first has to be combined with calcium and ATP 
The experiments of  Richards el al. 1124] wRh the pump-inhibitor, N-ethyhnaleimide 
indicated Ihal sites on the enzyme with high affinity for calcium exist also in the absenc~ 
of  ATP. 

The analysis of  the data for K ÷ stimulation of  the phosphatase activity revealed that K 
is required for the hydrolysis but not for the binding of  p-nitrophenylphosphate. A 
dephosphorylation of  the calcium-induced phosphorylated intermediate of  the calciun 
pump is also accelerated by K* (see Section VIII), the identity of  the two systems i 
further supported. Until now, no report has been presented on the effect ofcalmodulit  
on p-nitrophenylphosphate phosphatase activity of  the red cell membrane. 

VII. Stoichiometry of the red cell calcium pump 

Under physiological conditions, the ratio of  active calcium transport to its ATP con 
sumption is most probably a fixed number since, in a system working against large con 
centration gradients, a strong coupling of  the elementary steps is necessary, llowever 
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there is some controversy over the stoichiometry of  the red cell calcium pump. Several 
investigators find a 1 : 1 ratio of  calcium transported:ATP consumed [10,54,67.125]. 
whilst others argue for a calcium : ATP ratio of  2 : I [49,68,69,90]. One could say that 
such a discussion is not very different from that in Lilliput, over the problem of  where to 
break an egg: on its large or small end? This is not really true, as the question of  stoichi- 
ometry  implies significant consequences to the nature of  the calcium pump. It is hoped 
such studies will help to define the exact relationship between membrane (Ca 2. + Mg2+)- 
ATPase activity and calcium transport, and to relate red cell calcium transport to that in 
different membranes in different tissues. 

In order to determine the ATP consumption of  the calcium pump, Schatzmann and 
coworkers [10,54,125] compared the rate of  inorganic phosphate liberation from ATP to 
the rate t)t" calcium extrusion in calcium-loaded resealed ghosts. In these experiments, 
ATP consumption in the absence of  calcium was substracted and the (Na ÷, K ÷) pump was 
inhibited by ouabain or by sodium- and potassium-free solutions. The molar ratio of  the 
calcium-sensitive Pi liberation to the active calcium transport was approx. 1 : 1. h~ con- 
trast, when ATP splitting in calcium-loaded resealed ghosts was blocked by lanthanum 
(which also inhibits the calcium pump), the ratio for the lanthanum-sensitive calcium 
efflux to lanthanum-sensitive ATP consumption was 2 : 1 [681. 

In intact red cells, ATPase activity can be estimated by measuring Pi liberation, 
ensuring that metabolic reactions are blocked by depletion of  substrates and addition of 
appropriate inhibitors [49]. Under these conditions, in normal red cells, inorganic phos- 
phate liberation has an ouabain-sensitive fraction (about 25-30%),  which reflects the 
ATP consumption by the (Na ÷, K ~) pump. In such cells, lanthanum-sensitive ATP con- 
sumption is less than 5% of  the total. Increasing the intracellular calcium concentration 
by using the ionophore A23187 (the ionophore is eliminated from the membrane after 
calcium loading [28]), increases the rate of  Pi liberation, and ATP splitting is sensitive no 
more to ouabain, but sensitive to external lanthanum. As lanthanum blocks calcium 
pumping without penetrating intact red cells [281, the lanthanum-sensitive fraction of  
ATP splitting is probably associated with active calcium transport. The molar ratio of  
lanthanum-sensitive calcium transport to lanthanum-sensitive ATPase activity was 2 : 1 
[49]. As the lanthanum-inhibited ATP splitting is only about 50% of  the total, these 
results may explain the 1 : 1 calcium : ATP ratios obtained by Schatzmann and his 
coworkers, and suggest that there is also a calcium-stimulated ATPase activity not associ- 
ated with the calcium pump. 

Recently, Larsen et al. [67] using calcium-loaded resealed ghosts did not lind a signifi- 
cant lanthanum-insensitive ATPase activity, and thus the calcium : ATP ratio obtained 
was 1 : 1. However, Larsen et al. [67] used ghosts of  outdated, acid/citrate/dextrose- 
stored red cells, in which the passive permeability of  the membrane for calcium as well as 
for lanthanum increases considerably [90,91]. Thus, externally added lanthanum may 
penetrate into these ghosts and inhibit also those calcium-stimulated ATPases which are 
not associated with the calcium pumping [126]. Lanthanum influx, and a concomitant 
decrease in the ratio of  lanthanum:sensitive calcium transport and lanthanum-sensitive 
ATP splitting was demonstrated in acid/citrate/dextrose-stored intact cells [901. 

Experiments using inside-out red cell membrane vesicles may help in solving the ques- 
tion of  the calcium-pump stoichiometry. However, the problem of  relating active calcium 
transport to the pump-ATPase still exists in such preparations. As we have no spocific 
inhibitor of  the calcium pump, any calcium-induced ATP splitting not associated with the 
pump may alter the value of the calcium : ATP stoichiometry. Fig. 5 shows the relation- 
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phate liberation. Each datum point represents triplicate experiments with S-rain incubation periods. The 
incubation media contained 120 mM KCI, 2~) mM imidazolc-ll(?l (pll 7.4), 5 mM .MgCI 2, 100 #M A'IP. 
and the calcium concentration indicated (+4~;(7a Iraccr). Vesicle concentration = 200 ug/ml medium. 
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ship between active calcium accumulat ion and calcium-dependent  ATPase activity in 
inside--out red cell vesicles, as a funcl ion of  lhe calcium concenl ra t ion  in lhe inedium. Cal- 
c imn-dependent  ATPase activity is maximally activated at low calcium concentra t ions ,  
whilst calcium uptake needs higher calcium concent ra t ion  to become fully actiwited. The 

calcium transport  : ATP consumpt ion  ratio is changed from about  0.3 : 1 to approx. 2 : 1 

at increasing calcium concentra t ions ,  thus a fixed value for the s toichiometry cannot  be 
obta ined.  In simila, experiments,  by, using CaEGTA bufrers, Quist and Roufogalis [6~)] 
obtained a Ca : ATP ratio o f a b u u t  I .6 : 1 in inside-~mt vesicles, both at low and high cal- 
cium concentra t ions .  In their experiments ,  a water-soluble fraction of  the membrane  

increased calcium-stimulated AYPase activity without  increasing active calcium uptake 
[69].  in spite of  the differences in the experimental  findings presented above, we may 
conclude that calc ium-dependent  ATP consumpt ion ,  apparent ly  not related to calcium 

pumping,  can be observed in inside-~mt vesicles as well. Until now, no detailed s tudy on 
the effects of  ATP, Mg > ,  or calmodul in  on the calc ium-pump stoichiometry has been 
reported.  

In order to rationalize the results presented above, two possible explanat ions can be 
offered : 

(1) The Ca : ATP stoichiometry of  the red cell calcium pump is I : 1, but  in the pres- 
ence of  external l an thanum in intact cells, and at low calcium concent ra t ions  in inside-~mt 
vesicles the calcium transport and ATPase funct ions of  the system dissociate. In these 
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cases, the calcium pump catalyzes ATP splitting without calcium translocation. Such a 
possibility is .very much against our expectations about a pump working against thousand- 
fold concentration gradients, and would produce a highly unfavorable energetic balance 
at physiological, low cellular calcium concentrations. Therefore, this explanation, 
although we have no evidence against it, may be rejected on the basis of a 'sense of 
beauty in nature *. 

(2) The Ca : ATP stoichiometry of tile pump is 2 : 1. but the human red cell mem- 
brane contains calcium-stimulated ATP splitting systems which are not directly associated 
with calcium pumping. These systems are either 'classical' ATPases, or protein kinases + 
phosphatases, producing ATP splitting induced by low concentrations of cellular calcium. 
Such ATP-consuming reactions may be involved in the regulation of the red cell shape 
and plasticity, the permeability of the membrane for various compounds, or even the cal- 
cium pump. A fascinating hypothesis by Weller [127] hints at the idea that cyclic AMP- 
dependent protein kinase activity may regulate passive calcium movements across red cell 
(and also other cellular) membranes. Recently, Quist [119] suggested that Mg2÷-stimu - 
lated phosphorylation and Ca2÷-induced dephosphorylation of red cell membrane pro- 
teins may contribute to the regulation of the red cell shape and plasticity. 

Many investigations have shown that in normal red cells, the work of the (Na*, K ÷) 
pump consumes about 20--30% of the cellular energy production [ 128--130]. Active cal- 
cium transport in these cells requires less than 5% of the total ATP consumption [49]. 
The remaining 65-75% of cellular ATP consumption is due to still unknown processes, 
which are calcium-dependent, membrane-bound mechanisms [131--I 33]. From data on 
biphasic ATP-dependence of (Ca2÷+ Mg2+)-ATPase, (see also Fig. 4), Maretzki et at. 
[134] postulate the presence of a 'low ATP-affinity' enzyme, involved in cellular regula- 
tion but not in calcium pumping. The above data suggest that in normal red cells, intra- 
cellular regulatory processes consume much more energy than ion translocations by the 
pump enzymes. 

VIii. Calcium-dependent membrane phosphorylation and active calcium transport 

A new approach for studying the molecular basis of the red cell calcium pump was 
initiated by Katz and Blostein [135] and.by Knauf et al. [136], demonstrating calcium- 
dependent membrane phosphorylation by [7-32P]ATP. The authors supposed (on the 
analogy of the (Na ÷, K ÷) pump) that the phosphorylated protein is the catalytic part of 
the calcium pump, and isolated the phosphoprotein by SDS-polyacrylamide gel electro- 
phoresis. The calcium-induced phosphoprotein, with an apparent molecular weight of 
about 140000-150000,  was separable from the sodium-stimulated phosphoprotein 
(molecular weight of about 100 000), suggesting the presence of distinct and independent 
enzymes-for the calcium pump and the (Na ÷, K~ pump, respectively (Fig. 6 and Ref. 
136). 

It has been convincingly demonstrated that the 140 000-150 000 dalton phosphopro- 
tein is produced in seconds at 0°C, by micromolar concentrations of calcium, shows rapid 
turnover upon the addition of excess non-radioactive ATP, and its formation correlates 
with (Ca 2÷ + Mg2÷)-ATPase activity in the membrane [137,138]. The calcium-dependent 
phosphoprotein is stable in acidic buffers while sensitive to hydroxylamine treatment, 
thus it contains an acyl-phosphate bond, as is generally characteristic for membrane 
ATPases (see Ref. 139). In purified (Ca2÷ + Mg2+)-ATPase preparations, the calcium- 
induced, hydroxylarnine-sensitive phosphorylation of the 140 000-150 000 dalton pro- 
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Fig. 6. Phosphorylation of fragmented red uell membrane,, b.,. [,-/-32p]ATP. ('alciunl + magnesium pro- 
duces membrane phosphorylation in a 150 000 d',dton protein fraction. Sodium..depcndenl phosphn- 
rylafion results in the labeling of an indepemlent protein (103 000 daltons). Sodium dodec.vl st, llate 
(SI)S) polyacrylamide gel electrophoresis. At the top is a photograph of a disc gel stained with Coo- 
massie brilliant blue to show the clcctrophoretic pattern of ghost proteins. The three eraphs represent 
densitomctric scans of autoradiogrt, ms of 32p. Labeling conditions: 2 ~M ATP, 12 ,uM Mg('l 2 . l I) mM 
Tris-llCl. 0.5 mM CaCI 2. When present, the concentration of NaCI was 50 mM and K('I 10 robt. 
iReproduced from results of Knauf el al. ] 1361, by courtesy nf Journal ol General Physiolog} .) 

rein was also observed [106.140], further supporting tile phosphorylated-intermediate 
role of this membrane consituent. (11 has to be mentioned that Weidekamm and Brdiczka 

[1411 localized the calcium-dependent phosphoprotein in the 200 000- 220 000 dalton 

spectdn fraction. This phosphorylation is most probably'the result of some protein kinase 
activity [116.13cq.) 

The experiments on calcium~tependent membrane phosphorylation providcd valuable 

data for the partial reactions of the red cell calcium pump. It was first shown by Rega 
and (;arrahan [ t38] ,  anti confirmed by Schatzmann and Btirgin [55] and Szdsz el al. 
[142]. tha! the tbrmation of the phosphorylated intermediate of the pump does not 

require the presence of Mg =÷. Thus, the substrate for this reaction is free ATP. rather than 

an MgATP complex. The KA.l.P,free value in the calcium-dependent phosphorylation is 
about 1 ~M [55], in good agreement with the data tk)r Ka-rp.fre e in (Ca 2+ + Mg2+)-ATPase 
activity [85] and in active calcium uplake in inside~mt vesicles [78]. Calcium-dependent 
Rmnation of the phosphoenzyme is accelerated by Mg 2+ [55,138,143], possibly by the 
action of magnesium on other partial reactions of the pump system (see below). Addition 

of cahnodulin increases the steady-state level of the phosphoenzymc when formed Jn the 
presence of calcium and in the absence of magnesium [ 108,144,1451, and ft, rther acceler- 
ates the rate of phosphoenzyme formation in the presence of calcium + magnesium 

llosI. 
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Addition of EDTA or EGTA to the medium evokes the rapid dephosphorylation of 
the calcium pump intermediate (produced in the presence of calcit, m + magnesium), and 
excess non-radioactive ATP further accelerates this process [l 37,138]. If, however, mem- 
brane phosphorylalion is produced by calcium in the absence of magnesium, dephos- 
phorylation is slow in the presence of EDTA, EGTA or non-radioactive ATP, but is signif- 
icantly accelerated by tile addition of magnesium to the ATP-containing 'chasing' solu- 
tions [55,138,142]. These experiments indicate the basic role of magnesium in the 
dephosphorylation of the calcium-transport enzyme, and reveal that magnesium binding 
during phosphorylation is sufficient to allow the rapid hydrolysis of the pump intermedi- 
ate. From the latter finding, Garrahan and Rega [143] postulated a magnesium-depen- 
dent conformation change of the phosphoenzyme into a form which can rapidly react 
with water to release Pi. The rate of dephosphorylation of the calcium pump intermediate 
is increased by Na ÷ and K ÷ in the presence of Mg >, whilst monovalent cations have no 
effect on the formation of the phosphoenzyme [144]. It is worth mentioning that the 
phosphorylated intermediate can be 'back-reacted' with ADP, i.e., ttre labelled phosphate 
from the enzyme can be transferred to ATP, in the absence of magnesium [55]. 

Lanthanum accelerates the phosphorylation of the calcium-pump intermediate in frag- 
mented membranes or in inside-out vesicles, both in the presence or absence of calcium 
[55,142]. However, the phosphoprotein formed in the presence of lanthanum cannot be 
dephosphorylated by excess ATP + Mg > because the phosphorylated intermediate is 
stabilized against hydrolysis [142]. The labeling of the calcium-pump phosphoenzyme by 
internal [7-a2P]ATP in calcium-loaded intact red cells is significantly increased by the 
addition of external lanthanum [ 142], thus the inhibition of the calcium pump is caused 
by the 'fixation' of the transport enzyme in a phosphorylated state. 

It has also to be emphasized that we do not have a specific inhibitor of the calcium 
pump and, if magnesium is present, and the ATP concentration is elevated, and a total 
membrane phosphorylation is measured, protein kinase activity significantly influences 
the results. When Cha and Lee [146] investigated red cell membrane phosphorylation by 
[7-32p]ATP in the presence of 3 mM Mg 2+, at 37°C, by using 1-60 min incubation peri- 
ods, the most pronounced labeling occurred in the absence of calcium, and addition of 
calcium induced membrane dephosphorylation (similar findings were recently reported by 
Quist [119] and by Enyedi et al. [144]). The conclusion of Cha and Lee [146], namely 
that in the calcium-pump cycle, Mg 2+ is required for the phosphorylation and Ca  2+ for the 
dephosphorylation of the enzyme, is unlikely to be correct in the light of the results 
presented above. 

IX. Molecular structure of  the red cell calcium pump - reconstitution experiments 

The molecular basis of the red cell calcium pump is probably a membrane-spanning 
protein molecule, or a group of such proteins. The catalytic unit of the pump is a 
140 000-150 000 dalton, strongly membrane-bound protein, phosphorylated by [T -32P]  - 

ATP in the presence of calcium. However, according to our present notions on membrane 
structure and function, in the 'two-dimensional solvent' of the lipid bilayer, membrane 
proteins interact with the surrounding lipid molecules, which in turn stabilize and regu- 
late the protein functions (see Rof. 147). This is also true for the red cell calcium pump. 
It has been demonstrated that (Ca 2+ + Mg2*)-ATPase activity is lost after phospholipase 
treatment of isolated red cell membranes [61,148--150]. Roelofsen and Schatzr rm 
[149] showed that phospholipase digestion of the external leaflet of the lipid bilayer in 
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intact red cells does not affect membrane (Ca z÷ + Mgi+)-ATPase activity', and the degree 
of enzyme inactivation is directly proportional to the degradation of the glycerophos- 
pholipids in the inner membrane leaflet. By using purified phospholipases, it was shown 
that it is not the barrier function of  the lipid layer which is necessary to obtain (Ca e÷ + 
Mg2+)-ATPase activity, but rather a specific, protein-lipid association is required [149, 
150]. (The latter two studies are somewhat at variance in judging the effectiveness of  
various lipids and detergents in reactivating (Ca2++ Mg2*)-ATPase in phospholipase- 
digested membranes.) 

The use of  the non-ionic delergents, Triton X-100 and Tween 20, enabled Wolf and his 
coworkers [106,151,152] to isolate and purify the red cell (Ca=++ Mg2+)-ATPase. They 
succeeded in purifying the enzyme by gel chromatography v,,hen the integral nmmhrane 
proteins were protected against denaluration by mixed micelles of  the detergents plus 
phosphatidylctmline. The preparation conlained three different protein ~ubunils with 
molecular weights of  145 000 (oe subunit), 115 000 (/~ subunit) and 105 000 (7 subunit). 
The 145 000 dalton protein could be phosphorylated by 17-3:zP]ATP, similar to the mem- 
brane-bound enzyme. The kinetic properties of  the purified (Ca 2+ + Mg2+)-ATPase were 
similar to those in fragmented membranes: activation by low concentrations of  calcium 
and ATP, stimulation by the monovalent cations, K ~', Na ÷ and NH,~, an(t inhibition by SIt- 
reagents and other membrane-active drugs, were reported. 

According to a recent publication by Niggli et al. [140], the Triton X-100-solubilized 
{Ca :+ + Mg2+)-ATPase from red cell membrane could be further purified by using a cal- 
modulin-affinity colunm in the presence of  phosphatidylserine. In the presence o f  cal- 
cium, the ATPase remained bound to the affinity cohmm, and, after washing off  the con- 
taminating proteins, the enzyme could be eluted by the addition of  EDTA. In SDS gel 
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Fig. 7. Demonstration of the phosphorylated intermediate of the isolated (Ca 2-+ + Mg2+)-ATPase by 
labeling with ["r-32plATP. (A) Distributkm of 32p radioactivity in a 5% SDS-polyacrylamide gel after 
formation of the phosphorylated intermediate by 2 uM ATP, in the presence or'5() ~M CaCI 2 + 12 uM 
MgCI 2. (1:1) Similar experiment to A, but phosphorylation in the presence of 500 uM E(;TA + 12 uM 
MgCI 2. A photograph of the Coomassie blue-stained gel is shown below the diagrams. (Reproduced 
from results of Niggli et al. [ 140], by courtesy of Journal of Biological Chemistry.) 
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electrophoresis, only one major band with a molecular weight of 125 000 was detected, 
and this protein could be phosphorylated upon incubation with [~,-32P]ATP, in the pres- 
ence of calcium (Fig. 7). A minor protein fraction (205 000 daltons) was also present in 
the purified preparation, which possibly is a dimer of the transport enzyme. 

The first attempts at reconstitution of the red cell calcium pump by incorporaling 
(partially) purified (Ca2÷+ Mg2÷)-ATPase into artificial lipid vesicles were recently 
reported by Gietzen et al. [1531 and by Haaker and Racker [112]. The former group 
used the method of cholate dialysis, while the latter applied a freeze-thaw sonication 
method for the incorporation of the pump molecules into liposomes. In both studies, the 
(Ca 2÷ + Mg2÷)-ATPase was purified by using the method of Wolf et al. [106], from human 
and porcine erythrocytes, respectively. An (ATP + Mg2÷)-dependent calcium uptake into 
the vesicles was demonstrated by both groups. Active calcium transport in the freeze- 
thaw reconstituted vesicles was significantly stimulated by the addition of calmodulin 
[112]. Promising preliminary results were reported by Niggli (personal communication) 
in incorporating highly purified red cell calcium-pump protein into liposomes. 

X. Regulation of the red cell calcium pump 

The most recent, and probably the most fascinating, area in the investigation of the 
red cell calcium pump is its cellular regulation. In normal red cells, active calcium extru- 
sion is operating only at about 0.1-0.5% of its full capacity, since low passive permeabil- 
ity of the membrane prevents any significant calcium entry. However, in an 'emergency' 
situation, a 200-1000-fold increase in the calcium-pumping rate occurs, compensating 
even a greatly increased calcium influx. The main effector of this response is certainly the 
increased cellular calcium concentration, but the regulation of the pump activity seems to 
involve a rather complex cellular apparatus. 

XA. Regulation by intracellular soluble proteins 

In 1973, Bond and Clough [154] first observed that membrane-free red cell hemoly- 
sate significantly stimulates (Ca2÷ + Mg2÷)-ATPase in isolated red cell membrane frag- 
ments. They also showed that the stimulating factor is a non-dialysable, trypsin-sensitive 
protein, and that it is not hemoglobin. In 1976, Luthra et al. [t55,156] reported the 
partial purification of the (Ca2÷+ Mg2*)-ATPase activator protein by ion-exchange 
chromatography. They also demonstrated the presence of this protein activator in the red 
cells of several mammalian species, without species specificity [156]. Parallel with these 
studies, experiments in various laboratories unequivocally showed that calcium-dependent 
reversible binding of cytoplasmic proteins to the red cell membrane basically determines 
the kinetics of (Ca 2÷ + Mg2*)-ATPase activity [61-66,99,100]. 

The direct involvement of cytoplasmic proteins in regulating active calcium transport 
was first indicated by a short communication of M~cintyre and Green [75], reporting the 
stimulation of active calcium uptake in inside-out red cell membrane vesicles by the mem- 
brahe-free hemolysate. In 1978, the observations of Macintyre and Green were reinlbrced 
and extended in three different laboratories (Refs. 76-78; see Fig. 2). 

A fascinating development in 1977-79 was the purification of the cytoplasmic activa- 
tor protein and the recognition of its similarity (or identity) to calcium-dependent regula- 
tory proteins in other tissues. In the early 1970's, calcium-dependent forms of brain 
adenylate cyclase and phosphodiesterase were characterized, and a modulator protein, 
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transferring calciunvsensitivity to these enzymes, was isolated (l\~r reviews see Refs. 157 
and 158). It was first shown by Gopin:,th and Vincenzi [ 1591 and .larrett and I~enniston 
[1601 that a purified brain phosphodiesterase and adenvlate cyclase activator mimics red 
cell cytoplasmic proteins in stimulating (Ca >' + Mg"+)-ATPase in isolated red cell inem- 
branes, llinds et al. [161] and [arsen and Vincenzi [1621 demonstrated that the above 
brain activator protein (termed cahnodulm by Chet, ng et :,1. [1571 in I~)78) stinltdales 
calcium uptake in inside~mt red cell membzane vesicles. 

F,om the rapidly growing number of  publications concerning the functions and struc- 
ture of  calmodulin (according to a recent I.S.I. 'citation-cluster' investigation 11631 this 
lopic is among the fastest growing fields of  basic science) tile following conclusions can 
be outlined al present: 

Calmodulin is a low (16 500) molecular weighl, acidic (pH i = 4.2 4.3)'. relalivel)heat- 
stable protein with an identical or almost identical structure, and with ubiquitous occt,r- 
rence in eukaryotic cells [1581. It is a divalent cation-binding protein with four binding 
sites: three of them with high affinity for calcium (Kd of about 0.2/aM) but low at'fhlity 
for Mg :+ (K a = 140/aM), and one site with similar affinities for both ions (Ku.ca = I ~M, 
Ka.M+ = 20/aM [164]). Titus, the functional intracellular form of cahnodulin is possibly a 
3 calcium: 1 magnesium state. Calmodulin action can be selectively inhibited by ils 
reversible, calciunt-dependent binding to some neuroleptic drugs, especially it+ phenothia- 
zines 1165.166]. By means of  chemical modifications and biophysical methods, it was 
shown fllat binding of  calciunt increases the helical content of  cahnotlulin, and makes its 
tertiary structure more compact [158]. ( 'alcium-dependent changes in the microenviron- 
ment of  tyrosyl residue 1.38 on the protein were reported [167]. 

The role of  calmodulin has been demonstrated in calcium-induced insulin releasc 
[168- 170] and intestinal secretion [171 ], in synaptic transmission ]172.173]. in the 
regulation of active calciunt transport in sarcoplasmic reticulum [174] and in syn:,pto- 
somes [175,176]. |nwflvement of  calmodulin action is also postulated in the regulation of 
cell multiplication 16], and fertilization of oocytes b~ spermatozoa [177]. The enzymes 
known to be regulated by cahnodulm include phosphodiesterase and adenylale cyclase in 
various tissues, myosin light-chain kinase in muscle and non-muscle cells, phosphorylase l? 
kinase, and several other protein kinases ('see Refs. 157 attd 158). Thus. cahnodt,lin 
possesses the ability to modulate a large number of  cellular functions, possibly ntosl of  
those regulated by Ca 2+. In accordance with this general physiological role, the structure 
and function of this protein have been highly conserved during evolution. These data con- 
firm our belief that Nature is close-fisted when using different tools, althot,gh site is 
luxurious in the effects produced. 

In human red cells, cahnodulin affects (Ca 2÷ + Mg>)-ATPase activity and active cal- 
cium transport possibly through a calcium-dependent direct binding to rite transport 
enzyme ]178-1831 . Calmodulin binding decreases the apparent calcium affinity of  the 
system and increases the maximum transport (ATPase) rate [73 -80 ] .  Cahnodulin has no 
apparent effect on the ATP and Mg 2+ affinity of  the pump [78,1791. although it may 
alter the regulatory role of  ltigh ATP concentrations [108]. Calmodulin binding to the 
pump protects the system from inactivation during storage [182[, while in certain ntem- 
brahe preparations the loss of  activation by cahnodulin is observed [69[. According to 
our recent experintents [184], mild trypsin digestion of inside-out red cell membrane 
vesicles ntimics the action of  calmodulin-stimulation of active calcium uptake leading it:, 
decre~,se in Kca at uncttanged /k'A-ll,. Calmodulin has no further stimu/alory action in 
these inside-out vesicles. These experiments indicate that a subt,nit of  the transport 
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enzyme is easily digested at the internal membrane surface, and possibly the functioning 
of this calmodulin-binding, regulatory subunit determines the calcium affinity of the 
pump. The possible mode of calmodulin action on the reaction mechanism of active cal- 
cium transport in the red cell membrane is discussed in Section XI. 

In 1977, Wang and Desai [185] isolated and characterized a calmodulin-binding 
'inhibitory' protein, with no detectable enzyme activity. Larsen et al. [186] showed that 
this protein prevented calmodulin action on the calcium pump in inside-out red cell mem- 
brane vesicles. By now, several types of calmodulin-binding proteins have been isolated 
(see Ref. 187), possibly with functions modifying calcium + cahnodulin effects on various 
target enzymes. According to the experiments of Au [188] and Sarkadi et al. [80], con- 
centrated, heat-labile protein fractions of the red cell cytoplasm prevent calmodulin acti- 
vation of the red cell membrane (Ca2÷ + Mg2÷)-ATPase and calcium transport, respec- 
tively. In the original intracellular environment, these inhibitors may overrule the effect 
of calmodulin [80], and the actual regulatory balance is possibly a complex function of 
Ca 2÷, Mg 2÷, and ATP concentrations. The low calcium affinity of the calcium pump and 
its relatively low maximum transport rate in intact red cells as compared to those in 
resealed ghosts or in calmodulin-supplemented inside-out vesicles (see Refs. 67 and 80) 
indicate that calmodulin effects in the red cells may be largely supressed. 

XB. Regulation of  the calcium pump by Mg 2÷, A TP, cyclic AMP and monovalent cations 

As previously discussed, cellular magnesium is required for active calcium transport, 
and a maximum activity of calcium pumping is observed at millimolar magnesium con- 
centrations. Although human red cells contain 2.5-3.0 mM magnesium, most of this 
divalent cation is chelated by ATP and 2,3-diphosphoglycerate, and the free Mg 2+ concen- 
tration is only about 10% of the total [189]. Therefore, actual changes in the intracellular 
ATP and Mg 2÷ concentrations may influence the characteristics of calcium pumping. A 
complex effect of Mg 2÷ and ATP on the kinetics of (Ca 2÷ + Mg2+)-ATPase was suggested 
by Katz et al. [ 190]. The possible regulatory role of high cellular ATP concentrations on 
the calcium pump.has already been discussed in subsection IVB, and Section V (see also 
Fig. 4). 

Cyclic AMP is postulated as a general second messenger in cellular action of hormones 
and other stimuli, but human red cells have no significant adenylate cyclase activity to 
catalyze the formation of cyclic AMP [191]. At the same time, cyclic AMP-dependent 
membrane phosphorylation by protein kinases was convincingly demonstrated in human 
red cells [114--118,139], and uptake of cyclic AMP from blood plasma may be suf- 
ficient to stimulate this activity [192]. A recent report by Varghese and Cunningham 
[193] indicated that micromolar concentrations of cyclic AMP inhibit (Ca 2÷ +Mg2÷) - 
ATPase in red cell membrane fragments. The authors suggest that active calcium transport 
in red cells is modulated by means of a mechanism involving cyclic AMP and a membrane- 
associated protein kinase. In inside-out red cell membrane vesicles, cyclic AMP (also in 
the form of dibutyryl cyclic AMP) has no effect on active calcium transport (Sarkadi, B., 
unpublished data), and a possible explanation for this contradiction may be the loss of 
some peripheral membrane proteins during inside-out vesicle preparation. 

Experiments carried out on fragmented red cell membranes, as well as on inside-out 
vesicles indicate that both Na ÷ and K* in the cell interior have stimulatory actions on cal- 
cium pumping in erythrocytes (see subsection IVC). Although alterations in the Na ÷ and 
K ÷ concentrations in the physiological (or even in a pathological) range seem to be insuf- 
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ficient to evoke major alterations in red cell calcium pumping, the monovalent cation 
dependence of  the plasma membrane calcium transport may be important in other lissues 

or in red cells of  different species. 

XI. Model for the reaction mechanism of the red cell calcium pump 

ht this section, a putative mode/ fbr tile reaction mcchanim of  the calcium pun]p, and 
for the sites of  regulatory actions is presented. The multi-step scheme in Fig. 8 st, mnta- 
rizes earlier reports on tile characteristics and regulation of  tile red cell calcium transport 
but, of  course, is intluenced by the author's opinion ill selecting the relevant, observations 
for coustrucling a self-consistent model. 

Tile basic assumpti{ms in the m{}del arc as f{}llows: The calcium transport enzyme (E) 
in the red cell membrane at the internal melnbrane surface first reacts with t w o  ( 'a  2+ and 
then the enzyme-calcium complex (ECa=) is phosphorylaled by cellular ATP (EP('a2). 
The energy for calcium translocation is provided by this phosphorylation. Folh)wmg cal- 
cium translocation, the affinity of  the enzyme for calcium decreases by several orders of  
magnitude, and Ca 2+ is released into the extracellular solution. Magnesium-dependent 
dephosphorylation of the enzyme occurs at ttle internal membr:me surface, and the sys- 
tem is ready lk)r a new transport cycle. In the model, active calcium transport is not con- 
nected to the co -o r  counter-transport of monovalent or divalent cations (electroneutral- 
ity during calcium extrusion is probable ensured by chloride efflux). The stoichiotnetry 
of  tile calcium transport and ATP splitting in the model is 2 : 1. II has to be emphasized 
that tile 'intramembrane positions' of  the enzyme or the EP complex on tile reaction 
schente do not represent at ly  specific molecular movements b u l  merely illustrate the reac- 
tion steps. 

t-xamming the steps of  the reaction scheme, steps I and 2 represent tile binding of  
Ca 2+ It) the transport enzyme, Experiments demonstrating the calcium-induced formation 
of  the phosphorylated intermediate of  the calcium pump from ATP indicate that EP for- 
mation is evoked by calcium binding. The conclusion that calcium-binding sites on the 
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enzyme exist in the absence of ATP is supported by experiments on N-ethylmaleimide- 
enzyme interactions [124]. According to transport experiments on resealed ghosts [54] 
and on inside-out membrane vesicles [79], g c a , f r e  e when measured in CaEGTA buffers is 
between 0.5 and 5/aM. This value probably reflects the high calcium affinity of one of 
the binding sites on the enzyme. Cooperativity in the calcium activation of the pump, 
indicating the presence of more than one binding site for calcium, has been observed by 
some investigators [7,62,63,106]. Calculations of Ferreira and Lew [58], based on exper- 
iments with intact red cells in the presence ofionophore A23187, suggested that the cal- 
cium pump has two binding sites for calcium with similar dissociation constants (about 
1/aM). 1,1 these experiments, a 'low-affinity' calcium binding may have been converted to 
a 'high-affinity' one by ionophore A23187 (see Refs. 63 and 112). The existence of a 
low-affinity binding site on the pump for calcium was shown in intact red cells, resealed 
ghosts and inside-~ut vesicles [7,18,49,54,78,79,81]. The variability in the actual Kca 
values is most probably due to the association or dissociation of calmodulin to the pump 
molecule (see below). 

Step 3 in the reaction mechanism is the phosphorylation of the enzyme-calcium com- 
plex by ATP. The substrate in this reaction is probably free ATP. and the value of 
KAT}, rre e is about 1 -2/aM [55,78,85,138,142]. 

Step 4 represents calcium translocation and the release of Ca 2+ into the extracellular 
Solution. The change in the affinity for calcium during this reaction amounts to several 
orders of magnitude. Still, in experiments where steep, reversely directed calcium concen- 
tration gradients were produced, the reversal of the calcium pump could be demon- 
strated. In resealed ghosts, Rossi et al. [194] observed external calcium-dependent 32P i 

incorporation into ATP, while Wtithrich et al. [195] showed picomolar amounts of net 
ATP synthesis by running the calcium pump backwards in inside-out membrane vesicles. 
It is possibly step4 in which external lanthanum is bound to the transport enzyme. 
blocking any further turnover by stabilizing the system in a phosphorylated tbrm [55. 
142]. We do not think that the calcium pump is working as a mobile carrier for calcium, 
but external lanthanum blocking of the pump in its phosphorylated form shows the 
spatial accessibility of cation-binding sites at the external membrane surface during or 
after calcium release. 

In the normal transport cycle, the EP complex is dephosphorylated at the internal 
membrane surface in the presence of Mg 2+. As the binding of magnesium to the enzyme 
during phosphorylation is sufficient to produce rapid dephosphorylation [138], a magne- 
sium-dependent change of the EP to an E'P form is postulated (steps 5 and 6). E'P is then 
easily hydrolyzed to produce inorganic phosphate in the cell interior. 

Based on direct measurements for the partial reactions of the pump cycle, i.e., for the 
formation and decomposition of the EP complex, wc may work out a rough estimation of 
the relative rates of the individual reactions. In the absence of magnesium, calcium- 
induced EP formation has a T~, 2 value of 40-.60 s at 0°C (Sarkadi, B. and Enyedi, ,&., 
unpublished results) while the addition of magnesium reduces this T~/2 value to less than 
5 s [55,108,138,143] (all the data presented were obtained at 0°C). In some reports 
[55,138,143], an increased steady-state level of EP was noted in the presence of magne- 
sium. ttowever, due to the slow rate of EP formation in the absence of Mg 2+, a real steady 
state may not have been reached in these experiments (20-30  s incubation periods), and 
an underestimation of the calcium-induced EP level possibly occurred. The T1/2 value for 
the dephosphorylation of the EP complex is 40 -60  s in the absence of magnesium, and 
the decomposition of the phosphoenzyme is incomplete under these conditions [55,137, 
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1381. Magnesium reduces the T~ 2 value for dephosphorylation to 4 - 5  s and produces a 
complete decomposition of  EP [137,138i. 

The above data can be fitted into a kinetic model in which the rate-limititlg step in the 
pump cycle, in the absence of  magnesium, is the transformation of  EP to E'P, while in the 
presence of  magnesium the slowest reaction (depending on the actual conditions) is either 
the t'ormatitm of  ECa2, or the calcium-translocation step (see Refs. 55 and 138). In this 
model, the magnesium acceleration of  EP i"ormation is caused by' an increase ira tile free 
elIZVII'IO ct)ncentrat iola.  

As to the sites of  regulatory effects on the calcium pump, K', Na*. and ATP were 
shown to stimulate dephosphorylation of  the t!P complex [143,1441. Cahnodulin 
decreases Kca of  the calcium pump, aml increases the level of  EPcomplex formed in the 
absence ,)f magnesium [108,144,145]. In lhe presence of  calcium + magnesium, calmo- 
dulin does Not affect the steady-state level of  EP but accelerates the rate of  I(P formation 
[1081. These data suggest that the predominant effect of  calmodulin is to increase the 
rate of  reaction(s) I and/or 2, and tlltls stimulate calcium pumping througll the accelera- 
tion of  calcium-dependent phosphoenzyme /k)rmation. Recent experiments by Rega and 
Garrahan [145] indicate that calmodulin also stimulates l:,P dephosphorykition, when 
measured in the absence of  magnesium. 

Reliable calculations for the overall turnover rate of  tile red cell calcium pump are 
hindered by our not knowing the exact re, tuber of  the pump molecules in the erythro- 
cyies. This value is probzibly between 700 [138] and 4500 11831 pump molecules/red 
cell, thus the turnover rate of  the system is between 1000 and 2000 ions/pump site per 
rain at 37°C. 

Xii. Comparison of the red cell calcium pump with other active calcium transport sys- 
tems 

It is hoped that the calcium pump in red cells provides a model for investigating the 
characteristics of  active calcium transport systems in other cellular membranes. As far as 
can be concluded from studies on the plasma membranes of  dissected or cultured animal 
cells, (ATP + Mg2+)-dependent calcium transport is a general way for calcium exttusion 
from the cell interior. The presence of  such a calcium exlrt.sion has been reported in 
many tisst.es, including liver [1961 , smooth muscle 11971 and heart sarcolemma 11981, 
kidney [199,200]. Ehrlich ascites tumor cells [2011, platelets [202,2031 and neuirophil 
gralmlocytes 12041. In various excitable, and also in non-excitable, cells, calcium extru- 
sion occurs by an Na÷-Ca > exchange system, working at the expense of  the Na* gradient 
established by the (Na+, K ÷) pump. tlowever, ATP-dependent calcium extrusion seems to 
be present also in these cellular membranes (see Ret's. 1. 2, It)g, 205- 207). A rccenl 
report by Gmaj et al. [2001 suggests that in the basolateral membrane of  kidney cells, 
Na+-Ca > exchange is responsible for the bulk flow of  calcium across the epithelium, while 
(ATP + Mge+)-dependent calcium extrusion maintains the low cytoplasmic calcium cot> 
centration. DiPole et al. 12071 showed that in squid axons, vanadate inhibits ATP-depem 
dent calcium extrusion without affecting Na÷-Ca 2+ exchange. It is worth emphasizing 
that, in human red cells, no trace of  an Na÷-Ca > exchange could be observed, while in 
canine red cells, volume regulation depends upon a sodium-calcit, m counterflow 
extruding sodium at the expense of  calcium influx, and upon a simultaneous active calci- 
um extrusion 1208,2091. 

Table i shows some comparative data for the active calcium transport in the red cell 
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TABLE I 

CHARACTERISTICS OF ACTIVE CALCIUM TRANSPORT IN HUMAN RED CFLLS, SARCO- 
PLASMIC RI'TICULUM (SR) VESICLES, AND MITOCHONDRIA 

nTP, nucleolide triphosphate; pNPP, p-nitrophenyl phosphate; acetyl-P, acetylphosphate. 

Parameter Human red cells 

KCa,free 
(EGTA buffers) 0.5-5 taM 

t/(nmolCa/mg pro- 
tein min; at 37°C) 10-25 

Metal ion 

SR vesicles Mitochondria 

0.3.-0.5 ~IM 1--5 taM 

1500-2000 100.-200 

specificity Ca > Sr >> Ba, Mn Ca > Sr >> Ba, Mn Ca > Sr >> Ba, Mn 

Energy source ATP (+nTP) ATP, nTP, pNPP, ATP or substrate oxida- 
acetyl-P tion 

M~ ~ requirement + + + (if ATP is used'?) 

Stoichiometry 2 Ca : 1 ATP 2Ca : 1 ATP 2 Ca : 1 ATP 
(1 Ca : 1 ATP?) 2 Ca : 1 energy con- 

serving site 

Most effective La, ruthenium red ruthenium red, La ruthenium red, La 
inhibitors 

Phosphorylated acylphosphate acylphosphate none (or not shown) 
intermediate 120 000-150 000 100 000-130 000 

dalton protein dalton protein 

Calmodulin + + not shown 
regulation 

Cyclic AMP ?+ + not shown 
regulation 

References this review and 222-225 226,227 
7,8,221 

membrane and for that in sarcoplasmic reticulum and mitochondria.  As indicated, the 
Kca,fre e values, obtained in CaEGTA buffers, are fairly similar in the three transport sys- 
tems, although the maximum transport  rate is about  100 times greater in the sarcoplasmic 
reticulum, and about  10 times greater in the mitochondria  than in human red ceils. This 
difference is understandable if  we consider that in the sarcoplasmic reticulum, 6 0 - 7 5 %  of  
the membrane proteins belong to the calcium pump - this system is specifically devised 
for the rapid elimination o f  calcium from the muscle cytoplasm during relaxation. 
Although the method of  energy ' input '  is somewhat different in the three pump systems, 
the values for s toichiometry are similar, and inhibi tory effects o f  lanthanum and rutheni- 
um red are also observed. Both in red cells and sarcoplasmic reticulum, calcium is actively 
transported away from the side o f  the membrane where ATP is hydrolyzed.  A possible 
counter-transport  o f  magnesium in sarcoplasmic reticulum during calcium uptake has 
been indicated [210].  An important  difference between calcium transport  in human red 
cells and sarcoplasmic reticulum is that the latter system is easily capable o f  synthesizing 
ATP during a backward calcium movement,  while to make the red cell calcium pump run 
backward is much more difficult.  Active calcium transport  in red cells as well as in sarco- 
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plasmic reticulum is regulated by calmodulin, although in tile latter system the cahno- 
dulin effect is presumed to be transferred by protein kinase actions [211]. There are also 
data available for the cyclic AMP-dependent, protein kinase-catalyzed regulation of  active 
calcium transport in sarcoplasmic reticulum [212,212]. Na ~ and K ÷, just as in the case of  
tile red cell calcium pump, stimulate active calcium transport in sarcoplasmic reticultml 
vesicles [214.215]. imnmnological cross-reaction between purified rcd cell (Ca 2÷ + Mg-~+) - 
ATPase and antibody against rabbit skeletal muscle sarcopk, smic reticulum ATPase was 
reported by Wolf [152], supporting lhe structural similarity of  the two enzynms. 

Investigations o f  tile ATP-fuelled calcium pumping in synaptic vesicles [2162171 and 
in smooth endoplasmic reticulum membranes [2181 give hope for a better understanding 
~t" intra,:ellular regulation of  cytoplasmic calcium concentration. It has to be mentioned 
lhal bacteria also have a calciurn pump which extrudes calcium from the cell interior (see 
Ref. 219). In most bacteria (e.g., ill t:~ cell), tile energy t\~r calcium transport can be 
derived either from tile electron transport chain by substrate oxidation, or from the 
hydrolysis of  ATP. However, in Strel)lOcocctts faecalis, tile calcium pump is fuelled only 
by ATP. ill the presence of  Mg 2+ [2201. Analysis o f  the similarities and differences ill lhe 
various lbrms of  membrane calcium transport nlay certainly increase our understanding 
of  these processes o f  vital importance. 

XIli. Summary and conclusions 

Local changes in intracellular calcium concentration regulate numerous basic functions 
in the living cells. This regulation is based upon the unequal calcium distribution among 
tile cxtracellular fluid, the cytoplasm, and some intracellular organelles. The ultimate way 
to assure tile physiological low cytoplasmic calcium concentration is tile active extrusion 
of  calcium by' plasma membrane pumps, 

Active calcium extrusion in bttnlall red cells is of  vital importance as all increase in cel- 
lular calcium is harmful to most red cell functions. The calcium pump is a nmmbra,~e- 
bound system, catalyzing tile uphill extrusion of  calcium by using the energy of  cellular 
ATP. According to a reaction scheme (Section XI), intracellular binding of  calcium to tile 
pulllp ew.~kes an ATP-dependent phospborylation of  the transport enzyme, and then a 
transmembrane calcium movement. For the dephosphory/ation of  the enzyme, i.e.. l\~r 
the continuous work of  the pump, the presence of  cellular magnesium is required. No co- 
or counter-transport of  cations is connected to active calcium extrusion. The stoichion> 
etry of  tile pump is either 1 Ca : 1 ATP. or more probably, 2 Ca : 1 ATP. Tile molecular 
basis of  tile red cell calcium pump is a membrane-spanning protein with a molecular 
weight of 125 000--150 000. 

Calciunl extrusion from human red cells is effectively stimulated by small increases in 
the cellular calcium concentration. The pump is also influenced by ctlanges ill celh, lar 
Mg 2+, ATP, or monovalent cation concentrations and by tile action of  cytoplasmic regula- 
tory protein(s). The protein activator of  the red cell calcium pump has a molect, lar struc- 
ture similar or identical to tile calcium-dependent regulatory protein, calmodulin, folmd 
in various tissues of  various animal species. In red cells, calmodulm inc,eases tile maxi- 
nmm transport rate o f  the calcium pump and increases its calcium affinity as well. 

Active calcium transport ill human red cells is a useful model for investigating the 
cha,acteristics of  ATP-fuelled pumps ill the plasma membranes. Tile red cell calcium 
pump has basic features similar to active calcium transport ill the plasma membrane of  
different eukaryotic cells, in sarcoplasmic reticulum, or in bacterial membranes. 
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