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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 rei~ulating 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 
[2 ]. In cellular responses to different stimuli, calcium may function either by itself' as an 
intracellular 'second messenger'; or, by affecting adenylate cy~:lase andror phosphodi- 
esterase enzyme activities, calcium may modulate the second messenger role of cyclic 
AMP [4]. lntracellular redistribution of calcium was shown to regulate various contl'actile 
and se,-retory mechanisms, membrane and other cellular events - possibly throul~ 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 proli:'eration by c~l- 
cium, and the loss of this control in tumorigenic cells attracted much atteln:ion [6]. 

All the regulatory functions of calcium depend upon its spe~:ific distribution: the cal- 
cium concentration in the cytoplasm is less than 10-s-10 -7 M, in contralt to the much 
higher calcium levels (about 10 -3 M) in the extracellular fluids and in intratcellular organ- 
elias such as mitochondria, endoplasmic reticulum, or sarcoplasmic r~ticu:um in muscle. 
The non-equilibrium calcium distribution is maintained by binding and s~questration of 
calcium in the cell interior and by the calcium-transporting systems of th~ plasma mere. 
brane and th~ intracelluiar 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 membraae. 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- 
alfility and relative stability of the human erythrocyte, its lack of intraceli ular organelles 
or membrar.e elements, and the fact that the functional properties of it:~ 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 r~:d cells than in 
any other biological systems. 

The following sections only briefly summarize the large amount of data :oncerni:ng the 
problems of passive calcium permeation and the effects of calcium on red cell functions. I 
have concentrated on the ATP-dependent 'active' calcium transport, the ':alcium pump' 
in the red cell membrane. The focus of the present review is on the most r~cent advances 
in this field~ especially the regulation of the calcium pump is discussed (fcr more details, 
the reader should refer to the excellent review by Schatzmann [7]). 

H. Calcium in the red cell and its effects on cellular functiom 

The physiological calcium concentration in human red cells, as determned by caref, A 
atomic absorption measurements, is between 10 and 20 ~umol/l of cells [9-13] and raost 
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of this calcium is attached to the ,:ell membrane [930]. C y t ~  c ~  ~ e a ~ r ~ -  
~ion is in the ~ange 10-e-10 "~ M, about three orders of ~ t ~  s ~  than ttut "m 
the blood pla.,,ma. Any intracellutlar buffering of calcium makes th~ ~r~e. inw~rd|y 
directed gradient even steeper and maintahaing this calcium distribution requ~re~ ~ u l  
defence mechani:;ms. These are tile low passive permeability ~f th~ red ceg membrane 
for calcium and the ATP-dependent. active calcium extrusion from the cell inter~r. 

The rate of calcium uptake by normal, freshly drawn human red ce|~ when h~ab~ted 
in iso-osmotic saline media (cont~tining 2-10 mM calcium) is a l ~ t  undetectabr~. The 
low permeability of the membrane for calcium can be shown if active calcium extra.on 
inhibited by energy depletion or b:,' incubating red cel~s in the cold, when calchun uptake 
is as slow as 1-10 lumol/l cells p::r h [10.14,15]. Fxhanafive ATP and 2 - ~ ~ o -  
glycerete depletion of red cells increases calcium uptake to about I00 g. ,m~ ce~ per h, 
indicating the rol,. • of small amount!; of ATP in preserving the normal low ~ t y  of 
the membrane for calcium [16,17]. Increasing the pH [18], and the osmotic coneemra- 
tion in the media [13], exposure of the cell:~ to membrane-active drags such asp-chlor~ 
mercuribenzenesdfonic acid [19|, trinitrocresol [20], propranolol [21] or the ~c~n~ 
ionophore A23187 [22-24] a~so enhance calcium influx into red ceUs (for de~a~ls see 
Refs. 14and 15). 

If passive calIcium influx is not entirely compensated for by active calcium ext~.2~,, 
an increase in cellalar calcium leads to pathological consequences. 

IIA. Effect of  calcium on red cell shape and p~asticity 

Small increase:~ in intracellular ~:alcium evoke crenation and increased r i ~ t y  m red 
cells [12,25-28]. Establish~g an exact relationship to cell calcium co~r~ t r~o~  ~ the 
molecular expl~mation for these alterations still r e q ~  much work. Currem t h ¢ ~  
emphasize the roiIe of contractile proteins of the spectrin,~tin network att~hed to ~e  
internal surface o:f the red cell membrane. The presence of  ~c ium in nficromo~ covcew 
trations may alter the configuration of this network, t h~  evoki~ cell ..~pe chap~e~ 
[29,30]. Calcinm.dependent cross.I~nking of the above pzoteins may contribute to the 
irreversible stiffening of the red c~:ll membrane under certain conditions [31L On the 
other hand, Alhn a~d Michet! [32~,33] provided evidence for ~tm~-depen~em c b a ~  
in the lipid composition of the red cell membrane, especially for the a c c ~ h ~ o a  of  
1,2-diacylglycerol during crenatioa. Whether these changes in the ~pid ~ r ~ v o ~ o ~  
induce the shape changes or are ju~;t concomitant phenomena, is yet to he etu~!i~ted. In 
a 'coupled bilayer' hypvthesis, Sh,t:etz and Singer [34,35] tried to combLne the ~ e  of  
proteins and lipidi~ in the red cell shape regular:ion. 

liB. Calcium.induced rapid potassium transport ( ~GimDs.cffect 7 

In metabolic~[y depleted humlm red ceLls, in the prese~ce of c~itm~, the rate of  
downhill potassium transport across the plasma membrane i~,cree_~s by seve~ o~ers of  
magnit~de [36,37]. The loss of cellular pota:~um and the o ~ ' omi t~ t  sh r~k~-o f  the 
cells are evoked by int~acellular c~lciunt [38,39], and the b~iic role of  metabo~ 
tion is ~o enhance calcium influx [ 15,40], It :is of  interest to ~ t e a t ~  that the &tta iR the 
hterature concerning the intracellular calcitmt conceatratloa~ ~ of this p ~  
enon are contradictory. In red ceU~; made leaky to cakium b '  low c o n s t r a i n s  of the 
ionopho:re A23187 [41] and in cak:imn.loaded intact red cells 42], the ~ ~,~e of 
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potassiunl movement is ev~ked b3 1 2 mM calcium, lIowever, if high ,:~llCCrliHItion,~, of 
A23187 are applied [41 i, ot a CaI!GTA buffer.is introduced into metabolically depleted, 
resealed erythrocyte ghost,',, the free Ca"- concentration eliciting the same response is 
1 5 .uM [43,44]. A similar disctep;mcy is also observed when studying the khletics of 
active calcium tfimsport (see Section IV). The possible relation of  the c, dcium-mduced 
potassiunl transport of red cells to l t lOleCll lar  e v e n | s  ill stinlulus-secreti ul couplitlg in 

different cell types has recently attracted much alteration [aS]. 

IIC. /:)?~'c/" ~d'cak'htm on the (.Va ÷, K )  pump 

Dunham and Glyml [4(q first showed flint calcium cc,:lcentratio:~s above 0.1 mM 
strongly inhibit the ouabain-~tnsitive, (Na ÷ + K')-stim llated ATPase activity in isolated 
led ce!l membraraes. The inhibit ion of  active sodiun~-potassium transport by 0.1 0.5 mM 
imr~cellular calcium has been .]:nro::strated in resealed ghosts [47,48]. W intact red cells 
[ 12,40] and in inverted membrane vesicles 150!. 

III. Discovery of the red cell calcium pump. Methods for studying calciurl movements in 
red cells 

In 1961, Dur~ham and Glynn [46] demonstrated all ouabain-insensitivc, (Ca 2+ + Mg:÷) - 
stimulated ATPase activity in hemoelobin-free red cell membranes, at that time with an 
unknown physioh~gical role. It was Schatzmann 1511 who, 5 years later, discovered the 
presence of an ATP-consuming active talc!urn extrusion from resealed red ceil ghosts. 
Since that time, nun~.erous studies have shown that calcium efflux from human red cells i.,. 
faster by several orders of magnitude than inward calcium movement, at~d that rapid cal.. 
cium efflux requires the splitting of cellular ATP in the presence of magnesium [7.8,10, 
52,53]. The possibility that rapid calcium efflux is only caused by an in,:rease in the cal. 
cium permeability of the membrane by ATP + Mg 2÷, was excluded by d~.monstrating net 
calciu,n extrusion against large, inwardly directed calcium concentration gradients ['7, 
10,531. 

For investigating tile characteristics of active calcium transport in rec cells, one possi- 
ble way !~, to introduce calcium into tile cell interior and then measure the extrusion of 
this divalent c~tion. However, prolonged incubation of red cells in high.calcium media 
causes only very little calcium uptake, and if calcium loading is forced by metaboli,." 
depletion of the cells, altetatiotts in the membrane structure are most likely to occur 
[7,10]. The preparation of resealed ghosts, the most frequently used t,.'chnique for cal- 
cium-pump studies, facilitates adjustment of the intracellular ion and nu,-leotide contents 
as well as the introduction t~f calcium-chelator buffers into the cells. The disruption of 
the cell membiane during ghost preparation, however, may cause certair, artifacts in such 
studies [7]. The use of calcium-lozded intact red cells minimizes these artifacts and pro- 
vides a relatiw:ly homogeneous cell population with nearly physiological intracellul~r 
milieu. The treatment of red cells with p-chlorontercuribenzenesulfonic acid [7,19], with 
trinitrocresol I12,20], or with salicylate attd thiocyanate 155,561 results in an effective 
calcium loading during a few hours incubation period, without considerable alterat,ons in 
the cell metabolism. The use of ionophore A23187 provides a gentle way of in,~oducirg 
calcium into i~atact red cells. This ionophore is presumed to function as a lipid-soluble 
carrier for diw~lent cations [57], and the time required to load red cells ev, n with milli- 
molar concentrations of calcium is less than 1 min. After calcium loading, t te ionophore 



Fig. 1. Scanning electron micrograph~, of intact human red cells loadLxt with ~.~alcium by the ~onopho~e 
A23187 [281. Echinocetc formation by calcium i,~ading (a) and regeneration of the bi,:on~a~e sha~  ~ 
during active cah:ium extrusion (b). Magnificatiou. ".,5320. (a) Calcium-loaded human red. cells .tf:er 
the eUt~fination of calcium ionophor.i" A23187. lntraceUular t-al:ium concerttrati~a 160 tzM. eb~ The 
same cell population a:; in a, after IC rain incubz~tion m a medium contaitring 120 rum KCt. 1') tu~,t 
inosine. 10 w~M Tris-tlCl (pll  7.4), an1 2 mM Ca(l~, at 37°C. lntracellular calcium com.'entratiot: - in 
spite of the inwztrdly directed calciun cont~.'ntr:~tion gradient -- is d~cteased to less that1 5 ~zM. Rc6 
cells wexe fixed in iso-osmotic phosphate bullet containing 1% glutaraldt.hyde, and dehydralcd it. 
increasing ct,l:centrations of ethanol Elechon nticrographs were kindly prepared t\~r us b.v D~s. 3. 
Kov.'ics .~d  .;. Vigh. Irl.,titute of Anil lal Physiology, Eotv~,s Lor.ind University of Scict~ce, Budapest. 
Hungary (Sarkadi, B. ;~nd G.'irdos, (1.. republished 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). 'rh~ red 
cell calcium pump has also been investigated in the presence ofionophore A23187, under 
conditions in which the ionophore-catalysed calcium inf. ;x was compensated for by the 
active calcium pumping [13,58]. 

Studies on the molecular basis of the calcium pump, on (Ca2+ + Mg2+)-stimullated 
ATPase, are mostly carried out in hemoglobin.free, fragmented red cell membrane prep- 
arations. The results for the characteristics of this enzyme depend co]isiderably 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 c:mnc~t be 
connected to transport studies, therefore, the presence of any (Ca 2+ + Mg2+~ependent 
ATP splitting not rela~ed to the calcium pump may cause misleading results. Ia ord:r to 
avoid this problem, several attempts were made for the simultaneous invest~:gation of 
active calcium transport and (Ca 2+ + Mg2+).dependent ATPase activity in resealed ghosts 
[7,10,67,68], in intact red cells [49], and ~n inside-out membrane vesicles [69,70]. 

A new po~ibility 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 (A'IP + Mg2+).dependent cab'lure 
uptake was first described by Weiner and Lee [73]. The uphill calcium transpo:rl 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.out 
vesicles the 'active centre' of  the transport enzyme i~ on the external membrane sur:['ace. 
In the past few years, several laboratories have developed methods for preparing inside. 
out vesicles and for studying active calcium uptake by rapid separation oi' 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 

II, ,:. Oependence 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 r[lem- 
brahe. 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 1000- 
to lO000.fold oppositely directed concentration gradient for Ca 2÷. Calcium at the 'c/s- 
side' (i.e., at the internal m©mbran¢ surface) activates the transport system, whilst th,~re is 
almost no effect of calcium at the 'trans-side' [10,12,28,49,52,54,73,76-78]. The ,'alci- 
um pump does not carry monovalent cations', no divalent cations other than Ca 2.' and 
Sr ~ can be transported by the system [7,10,49,52,54]. The maximum rate ol!activ,~ cal. 
cium transl~ort is botw~n 2 and lO mmol/l cells per h, i.e., about 0.5-~ mrnol/g mem- 
brane protein per h, as nmuured in ghosts, intact red cells, or inside.out membrane vesi- 
cles [18,49 ~4,68,7 6~80,81]. 

The early experiments of Schatzmann [51] and Scbatzmann and Vincenzi [10] iadi. 
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cated that saturation of the calcium extrusion from resealed ghosts occurred at intr~- 
cellular calcium concentrations of about I mmol/1 cells. The difficulties in ,:orrectly 
estimating the intracellular Ct 2+ concentration, however, hindered exact c ~ r e r i z a t i o n  
of the kinetics. C:dcium binding to the cell membrane and to cell constituents such ~s 
hemoglobin, ATP c,r 2,3-diph,~sphoglycerate makes such an estirrmtion uncertain. In order 
to address this problem, two alternative methods have been used and they lmve led to 
~':~mpletely different conclusi~ms. 

The first method entails measuring the calcium-buffering capacity of the red cell in~e- 
riot in separate experiments and then calculating from these data the concentration of 
free Ca 2+ during transport stt~dies. ~hatzmann [54], using equilibrium d~alysis of red cell 
hom~genate, and Ferreira arLd Lew [58,82], using the ionophore A23187 to ML~w V~Ls- 
sage 3f calcium through the r~d cell membrane, concluded that the free C~ 2÷ is about 20-  
40% of the total in a wide ,::oncentration range examined (1/aM to 5 raM). S ~ e  half- 
saturation of the calcium ex:rusion by intracellular calcium (Kc~) occurs at 600-5JO 
~mol/! re0 cells or ghosts [ 18A9,56,81 ~, the estimated value of Kca, rr, = is 120-6£0 U_~.. 

The second method invo!lves the incorporation of a CaEGTA buffer into resealed 
ghosts and then calculating the free calciun- concentration from the kne~,  stdc, illty con- 
siants of this buffer. By using this method, Schatzmann [54] f ~ d  a Kcad,~, ,~l~e of 
about 5/aM, i.e., about two orders of magnitude smaller than that reported by ~hirm~f 
from parallel experiments wil:h unbuffered calcium. It was also demons;trated [54| that 
the transported species from the CaEGTA-loaded ghosts is the uncomplexed, free e~lei- 
urn, and that the activation of uphill calcium extrusion parallels the activation #" ATP 
splitting in these ghosts. 

The calcium concentration dependence of the calcium pump could be m,~[fzed 
detail in inside-out red cell membrane vesicles, which accomplish an ATP + Mg"*-depen- 
dent, uphill, net calc;-m acct~mulation (Fig. 2). The maximum calcium t~m~ort rate 
inside-out vesicles depends strongly on the presence or absence of a low mole~ulm weight, 
water-soluble, heat-stabl0 cyt=~plasmic activator protein, recently termed as ' c~n~du~"  
(for details me Section ,%). If the incubation media contain unbuffered calcium, Ec~ for 
active calcium accumulation in ins!de-out vesicles is about 40-50/aM, and the s~tar~t~o~z 
of the uptake occurs at 300- 500/aM [781. Calmodulin increases the maximum ~:ran~ort 
rate [75-.78] and decreases l;;c= to 10-15/aM [78]. If'we investigate the kinetics ofth~ 
transport by using CaEGTA buffers, Kca, fre~ is 0 .5-I .0  ~M, independent of the presence 
or absence of calmodulin [791!. A strfl~ing observation is that the nutximum transport r~te 
is determined by the total calcium concentration in the C~EGTA bmTer; thus, an interac- 
tion of ca~:ium, in its EGTA.,-helated form, with the calcium pump is postulated ["~|. A 
possible explanation for the almve resuks is that the calcium pump iin red ~ has at ~ast 
two binding sites for calcium one of these has a dissociation consmm of abou~ 0.5 #M 
for calcium, whereas the second binding site has a dissociation constant between,, lO~m~i 
50/aM, depending on the pre~enee or absence of calmodulin. In intact red c~Ils, t.~eK~ 
values are still greater than :;0 iaM, and the maximum transport ~ate is u~uaUy s m ~  
than in ghosts or in inside-out ~ 0sicles. 'this is most pn>bably the eo~--quene~ of the ~ -  
plex rego.lation of active calci~m transpc,rt, as discussed in S e c t ~  X. 

IVB. Dependence o f  active cal::ium ~ransport on A T P , ~ I  Mg z~ 

Uphill calcium extrusion i~om resealed ghosts or intact red cells ~¢~uh~ i n t ~ t  
ATP, whilst calcium acctunull~tio~ in inside-out ves~,~'s requi~s ATP in tl~ ~ub~t ion  
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Fig. 2. Uphill calcium accumulation in inside-out red cell membrane vesicles in the presence oI?ATP + 
Mg 2+. 1(~ nmol calcium/rag inside-out vesicle (IOV) protein equals about 10 mM intravesicultr calci- 
um com~entration. Calcium uptake is blocked by EDTA but no calcium release from t.he vesicles 
occurs irl the presence of this non-penetrating chelator. Calcium ionophore A23187 relea+~,s ~eficul~r 
calcium. The incubation media contained 120 mM KCI, 20 mM Tris-HC! (pH 7.4),5 mM MB, CI2,100 
pM C.aCI2 (+4SCa tracer), and 0 or 1 mM ATP. At the time indicated by the arrow, the media were 
supplemented with 1 mM EPTA or 5 #M A23187. The +activator' is a partially purified cabnodulin 
from human red cells. Temperature 37°C. Calcium uptake into the vesicles is measured by a ~apid f~- 
tration method. (Reproduced from results of Sarkadi st al. [80], by courtesy of Biochim~ct et B|o- 
physica &eta.) 

media. By now it is well documented that the splitting of  ATP to ADP and P| is necessary 
to proc[oce active calcium transport [7,8]. Inorganic phosphate is released in the celt inte- 
rior and there is no movement of  inorganic phosphate or phosphate esters accomlmnying 
calcium extrusion [83]. ADP, AMP, pyrophosphate or acetylphosphate cannot s~pport 
active calcium transport [10,53,70]. GTP, ITP, CTP or UTP, when incorpomtqM into 
regaled ghosts, can substitute fl)r ATP [52,53], :~lthough a higher specificity for A3"P was 
found in membrane fragments [84] and in inside-out vesicles [70]. 

In ~.ddition to ATP,  Mg =+ must also be present in regaled ghosts or intact cells to 
obtain active calcium-extrusion, although magnesium is not tmmported by the ,'alcium 
pump [10,52,53]. In inside-out vesicles, ac.':.ve calcium upt;+ke requi.~e~ magnesium in the 
medium [73-75,78,8~ ]. All these results show a similar sidedness of  the ATP- and Mg 2*- 
binding sites on the ~icium-transport system. 

In inside-out red cell membrane vesicles at low Mg 2+ levels (0.l  raM), the ATP concen- 
tration producing half-maximum rate of  calcium uptake (KXTP) ill 5---6 pM, whereas in 
the presence of  4.0 mM Mg ~+ ~his value increases to about 25 #hi:The maximurr rate of  
calcium uptake is about tliree times greater at the higher magn~um concentration than 
~-t th~ iower one (Ref~ 78and Fig, 3), Thus, m~esium stimulates the overall calcium 
transport rate but decreases the apparent affinity of the pump to ATP (a simila! finding 
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Fig. 3. Effects o f  t~tal ATF and ~lg ~÷ concentrations on act~.~ve calcium uputk© in ~ v ~  cc~ nu:~- 
brane vesicles (IOV). Higher M ~2+ concentration,, inczea~: the maximum t ~  r,~© ~n~ ~ ~ :  
for KAT P both [n the absence and in the presence of calmodulin. Lineweave~-B~tk ~ t  of ~h~ da~a. 
V = nmol calcium/mg IOV protein per rain. Incubation medium: 120 mM KCI, 20 mM imi~zo~[e-HC~ 
(pH 7.0), 100 ~M CaCI2 (+4SCa tracer). Temperature 37~C. ~ ~, 0.I mM M$C] 2, , : o ~ ;  
• • ,  0.1 mM MgC!~ + (almodulin; o . . . . . .  -% 5.0 mM M$C12, conuol; o- . . . .  4,, 5.0 m.M 
MgCI 2 + calmodulin. Calmodulin is partially purified fron red cegs as de~fibed in Ref. 80, ~ 
vesicles are prepared and c~ciu,,~ uptake is measured as in Refs. 78 and 80. 

for (Ca 2* + Mg2*)-ATPase ~lctivity was reported by Schatzmann [85]). Since high mafae- 
sium concentrations decre~se the level of  free ATP, one possibility to explain the above 
results is to suppose that t he suhstrate of  the cak:inm pump is free ATP. The calculated 
value of  KATP,free is betwe,m 1 and 2/zM both at low and high MS 2~ concentra~,ons. 

According to the expcEiments by Muallem and Karl i~  [86] on reu:aled g ~ t s ,  A~P 
activates calcium extrnsio~tt along a biphasic curve, that is a "high-" and a ~ow-aff'~ty" 
component for ATP is ob:erved ( /~ATP,  ! -- 2 #M, KATP, 2 -- 200 IJM)- The au~th~Es ~ s t  
that at the high-affinity bi r.~ding sit.'. ATP ac~:s as a substrate o f  the calcium pump, w~A.~ 
higher ATP concentratioi:s may regulate calcimn trmtsport, by acting in ~ a o m [ ~ s -  
phorylating role. Data oI'L (Ca 2÷ + Mg~)-ATPase activity and calcium-dependent mer~- 

brane phosphorylation seem to support this ,~iew (see below), althougli in L~de-oat red 
cell vesicles no biphasic eft oct of  ATP on calcium uptake was observed [78]. 

IVC. Depe~lence o f  actiJ e cak'ium transport on temperature and p i t  - effects o f  i ~  
and drugs 

The Arrhenius plots obtained by measuring the calcium-pump acti~ity in ~scaled 
ghosts [52,67,68], or in c.dcium-loaded intact red ceils [49] gave values for the ~ c f i v a t ~  
energy be t ' seen  13.6 andl 15.5 kcal/moi. In in,de.out red ~ membrane ve~cles~ fi-~e 
activation energy of  actiw; c~'.cium uptake was 18--19 kcai/moI, both in ~ ~ ~ d  
presence o f  the cytoplaunic activator protein, ~,dmodulin [80]. A ~ in~t tva t~n of  
the calcium pump at  46--50°C was reported in : ~ t ' a i  studies [49,52~80,84]. ]~e  opti- 
mum pH for  active ca]tie m transport is between 7.3 ~md~.6, as ~ ua~.~r ~ o ~  
conditions [49,52,80,8 [ ]. At pH values higher Uh~a 8.0, e~imodulia has ahaoat no ~ t  
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on active calcimr uptake in inside-out vesicle.,; [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 ~xtru. 
sion to the counter-transport of any divalent catiot~ was ruled out by expel~ments in 
which chelators were added to the incubation media. EDTA or EGTA, in concentrations 
which decrease the extracellular free divalent cation concentratAons to virtually zero, d~ 
not affect actiw: calcium extrusion. The addition of Mg 2+, Sr 2+, Ba :÷, Mn 2+, or Cu 2+ to 
the incubation medium is also without effect on the calciu'm pumping [7,10,~[9,5~]. By 
introducing divalent cations into resealed ghosts, it was shown that magnesiuva, barium, 
manganese, and copper are not transported by the calcium pump, wlfilst 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 [50]. 

Active calcium extrusion from human red cells does not depend upon ~cti,re sodium- 
potassium transport, nor upon a transmembrane gradient for sodium or potassium. Thus, 
the contribution of an No%Ca24 " exchange in this process can be excluded. Acco dinlg 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 acti~r¢ calcium 
uptake is observed in inside-out vesicles by Na ÷ or K +, as compmed 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 caimodulin 1180]. 

(hlabain and oligomycin, both potent inhibitors of active Na*-K ÷ transport, do not 
inhibit the calcium pump. The same is tree for several metabolic inhibitors (if ATP is pro- 
vided) such as NaF and iodoac~tate [7,10,49,52]. Considerable inhibition of the calcium 
pump is produced by some SH reagents such as'mersalyl, ethacrynic acid, N~;thyhnalei- 
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 [83]. F:uthenium 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 Tsehabold [89] first reported the inhibition of calcium extrusion 
from resealed ghosts by the lanthanides: holmium and praseodymium. A 95% inhibition 
of active calcium tr~/nsport by 1-2 • ~0 "4 M lanthanum was reported in resealed ghosts 
[68] and in in:tact red cells [49] !_~s+ does not penetrate into intact red cells [49] and 
does not inhibit the sodium-potassium pump under these conditions [28]. Tiros, 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, i~ 
inhibits several cellular functions [90,91]; therefore, a true specific inhibitor of the caL 
cium pllmp 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+ + Mk,2+)- 
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 EI, Dunham and Glynn [46] first demonstrated that in 
hemoglobin-free red cell membranes calcium stimulates an ouabain4nsensitive ATP 



splitting. Calcium-activated ATPa:e requkes the presence of magnesium, and the opti- 
mum concentration for calcium i:; about 0.5-0.8 mM. Higher cak:ium concentrations 
result in enzyme inhibi' ion. Following these experiments, Nakao et al. [92] and Wins a~d 
Schoffea!els [93] repot ted si,.~ilar results. The characteristics of red cell calcium-activated 
A'l'Pase can be summari ~ed as foi'ows: 

Rosenthal et al. [9~1] and Clarke and Griffith [95] described a cak:hxm-stimulated, 
magnesium-inhibited (!] ATPase in the water-soluble, spectrin- and actin~onh~ning pro- 
tei;~ extract of human led cell ghosts. This ATPas¢ activity required high calcium concen- 
tra:tions (up to 6 mM), and tbe maximum rate of ATP splitting was relatively sm£1 (0.02 
mmol/g membrane prolein per h). Results from various laboratories could ~ uneqa/vo- 
cally confirm these ob:~orvations (see Ref. 96); although, in a recent report, White and 
Ralston [97] describe:l the partial purification of a calcium-sth-nulated, n'r~gncsium- 
inhibited ATPaso from water-soluble membrane extracts. In all probability, tl-as type of 
ATPase activity has no ,lirect role in calcium pumping. 

Active calcium tran~;port involves the functioning of certain integral membrane pro- 
teins, the strongly membrane-bound (Ca2÷+ Mg2')-ATPases. However, the~.e enzymes 
have significantly different characteristics in various membrane preparations. If mere- 
bran, ~. fragments are pr4~:pared in the presence of EDTA or other calcium-chelators, 500-  
800 .aM calcium is req, fired to produce maximum ATPase activity [46,54,81 I- In mere. 
brane~ prepared with EI3TA- or EGTA-free wa.,;hing solutions, only a high-affinity (Ca z* + 
Mg :+) activity is observed (Kca is about 1-5 t~M) and the calcium4mtuced ATP sl~ittmg 
has a high maximum r~,te (1.5-2.0 mmol/g membrane protein per h) [54,59,98]. 
on these results, the ]low-affinity (Ca2÷ + M g 2 ÷ ~ A ~  was claimed to be an arti~'a~ 
caused by calcium chelators present during preparation [54.59]. In contrast, Quist and 
Roufogalis [61], nsin[l a variety of membrane preparations, found the "tfigh-cak-ium 
affinity' ATlXase easily removable from the m,.~mbrane, and suggested that the "low<ok:i- 
um affinity' enzyme ph,ys the basic role in active calcium transport. 

In the past few year~;, several investigators devoted considerable effort to clarifying the 
effects of membrane preparation on the (Ca ~' + Mg2÷)-ATPase activity [60,62-66.99, 
100]. According to Scharff and Foder [63,64[, red cell membrane (Ca ~ + Mg"~)-ATPzs¢ 
may occur in two ti~fferent states, depending an the calcium concentration during prep- 
aration. State A is obt~,in~d in the absence of calcium and shows a low maximum rate of  
ATP spi~itting, no coop,,~rative behavior in calcium activation and a Kca ~ u e  grea~er ~han 
30 #M. State B (meml:,ranes prepared in the presene~ of  calcium) is characterized by a 
high rate of ATP splitt:ing, positive cooperativity in calcium activation and a Kca va~ue of 
about 1 ktM. Farrance and Vincenzi [65,66] demonstrated significant changes ~n Kc,, ,~f 
ATPase activity in membranes prepared in w~rions butters with various iomc stre~th.  
Membranes showing sir~lar characteristics to $charff's 'state B" enzymes were obt~ned 
iso-osmotic imidazole buffers. According to our r~:~nt  tm~ersta,',A..h~, the reversible 
shifts between low-and high-calcium affinity states C, (Ca~+ M g ' ~ ) - A T ~  are ca~ed 
by the calcium.dependent binding of a low molecular weight cytop~asm~ activator p~o- 
tein, calmodulin, to th~l red cell membrane, anti state A and B correspond to the ca~edu-  
lin-free and calmodulin.associated form of the :nzyme, respectively [64,99]. 

Both low- and hig~,.calcium affinity (Ca z* + M g 2 * ) - A ~ s  are activated by c £ c i ~  
and strontium, whilst other divalent cations are much less effective [7,10.101I. C~?c~m~- 
stimulated ATP splitting in both types of  membranes is insensitive to o u ~ i n  ~ oli$~ 
mycin, but is inhibited by lanthanum, ruthenium ted, and some SH ~ [10~6[, 
102]. Na ÷, K ÷, and NL~, as compared to Li ~, c h o ~  ÷ or Cs*, sti,aulate (C~"* ÷ ~  
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ATPase in both A and B type membranes [81~I02-I05], as well as in partially purified 
enzyme preparations [ I06]. 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 ~'÷ + Mg2÷)-ATPase activity: from measure. 
ments at different pH values, Wolf [98] concluded that the substrate of the enzyme is 
MgATP, and estimated a KMgAT P v~lue of about 50/~M at pH 7.0. In contrast, Schatz- 
mann [85], based on expcrhnents carried out at variable ATF, but fixed magnesium and 
calcimn concentrations, suggests that the substrate is free ATP and the KArP,free value is 
1-2/~M. The latter data are in good agreement wi~h those obtained measuring active ca~. 
cium transport in inside-out vesicles (Ref. 78 and Fig. 3), and w~.th findings in. calcium- 
induced membrane phosphorylation by ATP (Section VIII). 

A biphasic activation of (Ca 2÷ + Mg2÷)-ATPase by ATP (KATI~ values of I-3/IM, and 
200--300/~M, respec.tively; Fig. 4) was observed by Richards et al. [I07] and by Muallem 
and Kaflish 186,108], indicating a regulatory role of higher ATP concentrations i~. 
enzyme activity (a similar role of ATP in (Na" + K*)-ATPase ~ctivity ha~; been demon- 
strated [ 109]). 

Parallel with the above studies in broken membrane preps,rations, several attempts 
were made to investigate (Ca ~* + Mg=÷)-ATPa~ activity in ghosts and in intact red cells. 
As previously mentioned, both calcium-pump rate and calcium-stimulated ATP splitting 
were lmlf-maximal at 300-500/~M internal calcium [49,54,~,6], except when resealed 
ghosts were loaded with a CaEGTA buffer, whibh decreased this value tto about 5/aM 
[54]. if calcium-dependent ATPase activity in intact red cells was exandned in the pres. 
enee 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 AT]? splitting in broken mem. 
branes [64], as well as for a partially purified (Ca 2+ + Mg2"')-ATPase [112], the above 
findings may not reflect a physiological state of the calcium-pomp enzyme. 

In conclusion, at present we do not know the in vivoand 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 regulatow effects in their actual values. Ap==rt from these effects, in the 
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Fig. 4. (Ca 2+ + Mg243-ATP~ activily in fragmented red cell membranes as a function of ATP concen- 
tration. The response of ATPase activity to ATP concentration i~; biphasic, yieldhtg KATP values of 
2.5 arid 145 ~ / ,  respectively. The incubation medium cor'ained 1 mM MgCI2, 05 mM EGTA, 0.7 
mM CaCI 2,150 mM Trb.HCI (pH 7,8), at 37°C. (Reproduced from results of Riehalds et al. [107], by 
cotutesy of Biochimica et Biophysici Acta.) 
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autho~"s opinion, the variations in the experimental fiadings with (Czt 2+ + Mg~)-A'~'t~ 
activity can be tractld back to the following: additional problems" 

1. The human r,,d cell membrane contains s.~gnificant araounts of protein kina~ anc 
phosphatase activities [ 113-117]. Micromolar concentrations of  calcium stimulate pro 
rein kinase [118] a,nd/or phcsphatase [119] activity. We do not know the physio~o~ic~. 
function of these n tembrane phosphorylation and dephosphorylation processes in the re~[ 
cell, and can only assume from parallel st,adies in other systems that they may re~lat~. 
the catalytic prop~i.rties of some membr~Lne enzymes (see Ref. t20). The d i s t~ : io r  
between classicai ATPases and protein kinase + phosphatase :~ystems can be made only or 
a chemical basi~. Thus, when measuring (calcium + magnesium)-dependent ino~r~:  
phosphate liberat:':~J:a from ATP, we do not distinguish between these two processes. S~'w~ 
we lack a specific iahibitor of the calcium pump, any A l P  splitting not related to ac,'.iw 
calcium transport n'tay introduce a considerable error in characterizi~tg the pump enzyme. 

2. The use of c~!Llcium.chelating substartces, such ~ EDTA or EGTA [79] or the ca] 
cium ionophore A,!3187 [64,112] during ATPase or transport assay may a[ter the kinetk 
behavior of the cult:lure pump. 

VI. calcium-stimuhtted p-nitrophenylphosFhate phosphatase sntl active c~chlm 

Pouchan et al. [:121], Garrahan et al. [122], and Rega et al. [123] described a ca[cium 
stimulated, ouabailtl-insensitive p.nitrophenylphosphate phosphatase activity m humor 
red cell membrane. This phosphatase activiity requires the presence of  A l P  ~:nd Mg 2÷, ~ :  
calcium stimulatiort is enhanced by K* o~: Na*. Half-maximum actPc.ition of the phc~ 
phatase is produced by low concentrations of calcium (Kc~ ~ 8/zM)~ and only if c ~ i ~  
has access to the i:aner membrane surface. On the basis of  these data, the authors ~a~ 
gested that this phosphatase activity is a property of the red cell ca~[ci~.~m p ~ p .  Thei~ 
conclusion is furth~i;r supported by the ob.~;ervation that p.nitrop.~enylphosphate inhibit: 
(Ca2+ + Mg2÷)-ATl~,lse and active calcium extrusion to a similar extent [123]. On t ~  
analogy of the (~qa", K*) pump, it was p~oposed, '..'hat in the multi-step reaction of the c~ 
cium pump, some of  the intermediate forms can be replaced by p-n i t rophenyIpho~te  
and the enzyme ca~:alyzes the hydrolysis c,f the latter compound. The strict ATPand 
cium dependence ~)f phosphatase activity indicates that, in order to cat~Jyze p-ni~c~ 
phenylphosphate s,?litting, the enzyme fir:;t has to be combined with calcimi~ ~ d  A'IP 
The experiments of Richards et al. [124!] with the pump-inhibitor, N-ethy[m,~eZ, m~e  
indicated that sites on the enzyme with high affinity for calcium exist also in the abse~c~ 
of ATP. 

The analysis of i:he data for K + stimulation of the phosphatase activity reve~,.led tlm~ K 
is required for the) hydrolysis but not for the binding of  p - n i t r o p h e n ) ~ e .  A 
dephosphorylation of  the calcium-haduced phosphorylated intenn~iiate of  the c~k'iu~ 
pump is also accellerated by K + (see Section Vlll)~ the identity of  the two systems 
further supported. Until now, no report has b~n  presented on the effect o f c ~  
on p-nitrophenylpllosphate phosphatase activity of  the g,d eeil membrane. 

Vii. Stoichiontetry of  the red cell eale~mm pump 

Under physiolol~ical conditions, the ra~io of  active calcium t ~  to its ATP cc~n 
sumption is most Ii~robably a f'uced number since, in_ a system working ag~nst t~ge c~a 
centration gradient:s, a strong coupling or" the elementary steps is n ~ .  Howeve~ 
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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 ::alcium transported:ATP consumed [10,54,67,125], 
whilst o~hers argue for a cal,-iunl : ATP ratio of 2 : 1 [49,68,69,90]. One could say that 
such a discussion is not very different from that in Lillip~at, o.,,er the prvblem of where to 
break an egg: on its large or small end? This is not really true, as the question of stoichi- 
oraetry 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 tr~nspor~ to that in 
different membranes in difl'erenl tissues. 

In order to determine the ATP consumption of the calciuai pump, Schatzmann and 
coworkers [10,54,125] comDar~:d the rate of inorganic phosphate liberation from ATP to 
the rate of calcium extrusion in calcium-loaded resealed ghosts. In these experiments, 
AI'P consumption in the absence of calcium was substracted and the (Na ÷, K ÷) pump was 
inhibited by ouabain or by sodium- and potassium-free ,~;olutions. The :~olar ratio of the 
calcium.sensitive Pi liberation to the active calcium tran~;port was approx. 1 : 1. in con- 
trast, when ATP splitting in calcium-loaded reseated ghosts was blocked by l~nthanum 
(which also inhibits the calciurrz pump), the ratio for the lanthanum.sensitive calcium 
effiux to lanthanum.sensitive ATP consumption was 2 : 1 [68]. 

In intact red cells, ATPase activity can be estimated by measuring PI liberation, 
ensuring that metabolic reactiorls 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 ou.'lbaia-sensitive fraction (about 25.-30%), which reflects *,he 
ATP consumption by the (Na÷~ K*) pump. In su,:h cells, ianthanum.$;nsitive ATP con- 
sumption is less than 5% of the total. Increasing the intracellular calcium concentration 
by using ~he ionophore A23187 (~he ionophore is elimiaated from th,; membrane after 
calcium loading [28]), increases the r~te o/i~i iiberation, and ATP splitting is ,~ensidve no 
more to ouabain, but sensitive tt~ external lanthanum. Az lanthanum blocks calcium 
?umping without pcnetrathlg intact red cells [28], the lanthanum-sensitive fraction of 
ATP splitting is probably associated with active calcium transport. The molar ratio of  
lanthanum-sensitive calcium tra:lsport to lanthanum-sensitive ATPase activity was 2 : 1 
[49]. As the lanthanum4nhibit,;d ATP spfitting is only about 50% of the total, these 
results n'~ay explain the 1 : 1 ,:alcium : 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 reseated ghosts did not find a signifl. 
cant lanthanum-insensitive ATPase activity, and thus the calcium : ATP ratio obtained 
was 1 : 1. However, Larsen et al. [67] used ghosts of outdated, acicl/citrate/dextrose. 
stored red cells, in which thv pa:;sive permeability of the membrane for ca]ciz, m as wed 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 cal~.ium pumping [126]. Lanthanum influx, and a concomitant 
decrease in the ratio of lan~har~um.-sensitive calcium transport and lanthanum.sensitive 
ATP splitting was demonstrated :in acid/citrate/dextrose.stored intact cells [90]. 

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 p u m p - A ~  ztill exists in such preparations. As we have no specific 
inhibitor of the calcium pump, aay calcium-induced ATP splitting not associated with the 
pump may alter the value of tht~ calcium : ATP stoichiometry. Fig. 5 shows the relation- 
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Fig. 5. Active calcium transport and ATP cc, nsumption in inside-out ted cell memb~a~¢ :'e~¢k~t ~; 
thnction cf caiciuln concentration in the medium. Upper part: the rate of c~lcium up~k¢ ~ the ¢~- 
cium-dependent ArP splitting in inside-~mt ~sicles (IOV); lower part: the vat/o of c~:icm tr~msp~e 
to ATP c~nsumption. Inside-out vesicles were prepared and calcium uptake was a~=s~v~ ~ f f ~  
in Refs. ;'8 and 8(~. ATP consumption was agsessed by measuring calcium-~,veadem k ~ k :  p ~  
phate libc.~ation. Each datum point represents tri01icate experiments with 5-rain incubation p e ~ .  The 
tncubatioq media ,::ontained 120 mM KC, 20 mM imidazole-HCl (pH 7.4). 5 mM M ~ .  |00 ~ ATP, 
and the calcium c, mcentration indicated (+4:SCa tracer). Vesicle concent.,ation = 200 ug/~  medium, 
temperature ffi 37°C [701. 

"ship between a,::tive calcium accuraul~tion and calcium-dependent ATP~.~. ~ ~tivit~ in 
inside.out red call vesicles, as a function of  the calcium concentration in the r.~di~L,a. Cab 
cium-dep~;ndent ATPase activity is maximally activated at low caviare concentra~¢~.~, 
whilst calcium ~tptake needs higher calcium concentration to becon~ fury acti>'ated. The 
cAcium transport : ATP co~sumption ratio is changed from about 0.3 : 1 to approx. 2 : | 
at i n c r e ~ g  cal,.ium concentrations, thus a f'Lxed value for the stoich~'-'aetry ~anaot be 
obtained. In ~ d l a r  experiments, by u~;ing CaEGTA buffets, Quist and Roufoga~s [69| 
obtained a Ca : ATP ratio of  about ! .6 : 1 in inside-out vesicles, both at low and ~ c~-  
cium con centralions. In their exper~Lents, a water-soluble fraction o f  the tnembv~r~e 
increased calcium-stimulated ATPase activity without increasing ~ctivo c~c.iurn uptake 
[69]. In .,:pite c,f the differences in the experimental findings presented above, we n~y 
conclude that c:dcium-dependent ATP consumpl~oa, apparently not r~Jated ~,~ c a k ~ t  
pumping, van bt~ observed in inside.out vesicles as well. Until now~, no d e t ~ , t i  s t a y  o~ 
the effects of  ,~TP, M8 ~*, or ca lmod~n on the calciunvpump stoichiomet.~ ~ bee~ 
reported. 

In order to rationalize the remits p:resented above, two possibt~ e x p l a ~  c',~a be 
offered: 

(1) The Ca :  &TP stoichlometry of  the red call calcium pump is I : 1, b~t in the l~a~- 
ence o f  external lanthanum in intact ceEs, and at low ~ coaceatr~tions m ~ , . o ~ t t  
ves ic les the calcium trat~port and ATl~se functions o f  the ~ m  ~ e .  l~ the~  
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~as~s,.ihe calcium pump catalyzes ATP splitting without calcium translocation. Such a 
possibility is .very much agains: our expectations about a pump working dgainst thousand- 
fold concentration gradients, and would produce a highly unfavo~'able energetic balance 
at physiological, low cellular calcium concentrations. Therefole, 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 stoichio~letry of tile pump is 2 : 1, but the hmnan red cell mem- 
bran.e contains calcium-stimulat.ed ATP splitting systems which are not directly associated 
with calcium pumping. These ;ystems are either 'classical' ATPases. or protein kinases I- 
phosphatases, producing ATP '.;pli* ting induced by low concentrations of cellular calciurc~. 
Such ATP-consuming reaction~ n~ay be involved in the regulation of the red cell :sI~qpe 
and p!asticity, the permeability of the membrane for valious compounds, or even the cal- 
cium pump. A fascinating hyp3thesis by Weller [127] hints at the :idea that cyclic AMP- 
dependent proteill kinase activity nlay regulate passive ca|cium movements across red cell 
(and also other cellular) mem'~ranes. Recently, Quist [119] sugge~;tecl that Mg2+-stimu - 
lated phosphorylation and Ca::+-i,duced dephosphory~on of red cell membr~me p~o- 
reins may contribute to the re~dation of the red cell sha~c and plasticity. 

Many investigations have shown that in normal red cells, the work of the (lqa ", K') 
pump consumes about 20-3~'~ of tile cellular energy production [ 128-130]. Active cal- 
cium transport in these cells requires less than 5% of the total ATP consumption [49]. 
]'he ','emaining 65-75% of cellular ATP consumption is due to still unknown processes, 
which are calcium-dependent, alembrane-bound mechanisms [131--133]. From data on 
biphas~: ATP-dependence of (Ca2÷+ Mg;+)-ATPase, (see also Fig. 4), Maretzki et al. 
[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 eels, intra- 
cellular regulatory processes consume much more energy than ion translocetions by the 
pump enzymes. 

VIII. Calcium-dependent memb rane phosphorylation and active calei:um transport 

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

It has been convincingly dentonstrated that the 140000-1500(~3 dalton phosphopro' 
tein is produced in seconds at 0°C, by micromolar concentrations of calcium, shows rapid 
turnover upon the eddition of excess non-radioactive ATP, and its formation correlates 
with (Ca 2+ + M$~+)-ATPase acti,~ty in the membrane [137,138], The calcium-dependent 
pho+,~hopmtein is stable in acidic buffers while sensitive to hydroxylamine treatment, 
thtm it co,  t~ins an acyi-phosphate bond~ as is generally charact~+.ristic for membrane 
ATIPWm (see Ref. 139). In.purified (Ca~+ +Mg~+).ATPa~ prepa:atiorm, the calcium. 
induced, fiydroxylamine.~ensitive phosphorylation of the 140000.-150000 dalton pro. 
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~ Co4-M~ 4. Net ~-K I 

Migrat on disLance, (¢m) 
Fig. 6. Phosphorylation of  fragmented re~ cell membranes by [-~-~2p]ATP. Cak-itlm + ~ m  pro- 
duces membrane phosphol-yiation in a 150000 dalton pint=in fraction. !k~iu~t-~k.~l~i~m p~'~.~¢~- 
rylation rem)t~ in the lab~lin$ of an independent protein (103000 d~tons). ~ ~ ' ~  ~=~e  
(SDS) polyacr)'lamide gel ,~'lectrophoresi~, At the top is a l~otoSrat~ of a ~ ~ st~.~i = ~  (7oo- 
massi¢ b ~ t  blue .o show the ¢lectropho~tic pattern of gltost proteim. The three gr~:~M~ = ~  
densitometric s.~ns of autoradiog~ams of 3 ~p. Labeling comiitiom: 2 uM AlP. 12 ~M MgCl~ ~0 mM 
Tris-HCl, 0.5 rnM CaCI a. When present, the concentration of NaCI was 50 mM a~l KCI ~0 raM. 
(Reproduced fr ~m results (,f Knauf et al. [ 136 I, by courtesy of Journal of General l~ysi~k~-.) 

tein was als(~ observed [106,140], further supporting the phc~iphoryiated-inte~ed~e 
role of this membrane ¢onsituent. (It has to b ~, mentioned that Weidekamm and B ~ k ~  
[141] localized the calcium.dependent pho.~phoprotein in the 200 000-220 000 d~to~ 
spectrin fraction. This phosphorylation :.s most probably'the result of  some p(Fote~m 
activity [116.139].) 

The exper: ments on calciumMependent membrane ph~ho~'L~i~n pn)~-i~L--xi ~ ' ~ e  
data for the. partial reactions of the red cell calcium pump. It was rust shown by Rct~ 
and Garrah~J:t [138], and confirmed by Sch~tzmatm and B£~gin [55] and ~ et ~L 
[142], that the formation of the phosphorylate,~l intermediate of  tile pump does nee 
require the presence ofMg 2~. Thus, the substrate for ~ reactiolt is free ATP; ~at~r them 
an MSATP c.,)mplex. The KA.iP,fre e value in the -~lcium.depemiem ~ k i ~  is 
about 1 pM [~;5], in good agreement with the data. for KA're.~'ree in (Ca 2* ÷ Mg~)-ATP~e 
activity [85] lind in active calcium uptake in insideK~.tt v-~ic~,es [78]. C a k ' i u m - ~ t  
formation of the phosphoenzyme is accelerated by Mg 2* [55J38J43] ,  p o ~  by ik~ 
action of mal!plesium on other part~[ reactions of  the ~ system (see beiew). 
of calmodulirt increatm the steady.state level of t h e ~ o e . ~ y ~  w h ~  t ~ m ~  in 
presence of  c.,flcium and in the abser~e of  magnesium [108J ~,~¢,145], and f u ~  ~ -  
ates the rat~!, of phosphoen~'me formation in the  ~ t . ~  of ~ ÷ m ~ m ~ m  
[~08]. 
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Addition of EDTA or ECTA to tile medium evokes tile rapid dephosphorylation of 
the calcium pump intermediate (produced in the' presence of calcium + magnesium), and 
excess non-radioactive ATP fJrther accelerates this process [137,138]. If. however, mere. 
brahe phosphorylation is prc~duced by calcium in the absencq. • of magnesium, dephos. 
phorylation is slow in tile pre:~ence of EDTA, EGTA or non-radioactive ATP, but is signif. 
icantly accelerated by the ac~ditiorL of magnesium to the ATP.containing 'chasing' solu. 
tions [55,138,142]. These ~xperim~nts iudicate the basic rc~le of magnesium in the 
dephosphorylation of the cah:ium.transport enzyme, and reveal[ that magnesium binding 
during phosphorylation is sufficient lo allow the rapid hydroly.qs of the pump intermedi. 
ate. From the latter finding, Garraban and Rega [143] postulated a magnesium-depen- 
dent confomlation chauge o1' the phosphoenzyme into a form which can rapidly react 
with water to release Pt. The rate of dephosphorylation of the c:dcium pump intermediate 
is increased by Na* and K" in the presence of Mg 2*, whilst monovalent cations have no 
effect on the forntation of the phosphoenzyme [144]. It is worth mentioning that the 
phosphorylated intermediate :an be 'back.reacted' with ADP, i.e., the labelled phosphate 
from the enzyme can be trans~:'erred 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 phosphoprotvin formed in the i'.,resence of lanthanum cannot be 
dephosphorylated by excess ATP+ Mg 2+ because the phosp:horylated intermediate is 
stabilized against hydrolysis [142]. The labeling of the calcium.pump phosphoenzyme by 
internal [T.saP] AT? in calci~:m.loaded intact red cel~s is significantly increased by the 
addition of  external lanthanu:n [142], thus the inhibition of t]a¢ 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 I:~resent, and the ATP concentration is elevated, ~nd a total 
membrane phosphorylation i:: measured, protein kinas~ activity significantly influences 
the results. When Cha and Le~ [ 146] investigated red cell membrane phosphorylation by 
[7-3zP]ATP in the presence ~,f 3 mM Mg =*, 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 celcium.pump cycle;, Mg =* is required for the phosphorylation and Ca 2÷ for the 
dephosphorylation of the eni:yme, is unlikely to b'. corzect in the light of the results 
presented above. 

iX. Mo,ecular structure of the red cell calcium pump - reconstitution experiments 

The molecular basis, of thl:, 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, strc ngly membrane.bound protein, phosphorylated by [7- 32F]- 
ATP in the presence of calcimn. However, according to our po.,sent notions on membrane 
structure and function, in the: 'two-dimensional solvent' of  the li~id bilayer, membrane 
proteins interact with the s~.lr~'ounding lipid molecules, which in turn stabilize and regu- 
late the protein functions t e¢ Ref. 147). This is also true for the red cell calcium pump. 
It has been demonstrated that (Ca a* + Mga*).ATPase activity is l~ t  after phospholipase 
treatment of isolated red cell membranes [61,148-1S0]. ltoclof~n and Schatznann 
[149] showed that phoq~holipase digestion of the ~'xternal leaflet . f  the lipid bilayer in 



intact red cells does not affect rr~embrane (Ca ~* + M g z ' ) - A ~  activhy, and the d~.~ree 
of enzym,.' inactivation is dir~'ctly proportional to the degzadation of the g l y c e r o ~  
pholJpids in the inner membrane lea~et. By us~=~g purified phosph~,~p~e~, i t  was 
that it is ~rlot the barrier function of the lipid layer which is necessary to obt~a (Ca 2. + 
Mg2").ATi~se activity, but rather a specific, pr~tein-lip/d a ~ t / o ~ / s  req,.~fcd [~49, 
150]. (The latter two studies are somewhat a~ var~ce in judging the effectiveness of 
various lipids and detergents in reactivating (Ca ~ +Mg2+)-ATPas¢ in pho~p=~E~- 
digested v =embranes.) 

The us~. ~ of the n0n-ionic detergents, Triton X-100 and Twecn 20, enabge~ ~o~fand ~'~ 
coworkevi [106,151,152] to isolate and purify the red cell (Ca=++ Mg2*)-ATPa~. They 
succeeded~ in purifying ;he enzyrne by gel chromatography when the inte-~ra~ merabraa¢ 
proteins werc protected agains~ denaturation by mixed n~:¢lJes of Lb~e detergg~ts p ~  
,,hosphatidyIcholine. The prepa~ation contitined! three different pcotein $~t~.mP~s with 
molecular weights of 145 000 (¢~ subunit), 115 000 ~ subut~t) and 103 000 (~ sebe~t). 
The 145 COO dalton protein could be phosphorylated by [7-3~P]A'IP, ~ to the ~ -  
brane-bor,nd enzyme. The kinetic propertie~ of the purified (Ca 2~ + M g 2 * ) - A ' ~  were 
similar to those in fragmented membranes: activ;,tion by low' c o n c e n t r a t ~  of  ca~cia.r~ 
and ATP, stimul.'ttion by the monovalent cations, K*, Na* and NI~,  and ip~ub~t~oa by SH- 
reagents and oth~,r membrane-active drugs, were reported. 

Accor~iling to ~. recent publication by Niggli et ai. [140], the Triton X - ~ C ~ ~  
(Ca ~+ + Mig2+)-A'[Pase from red cell membrane could be furtLte~ puttied by ~ g  a ca~- 
modulin-~,ffinity column in the presence of phosphatidylserine. In the pre~ence of  c~- 
cium, the ATPase remained bound to the affinity coiunm, and, after washing (~ff ~he coa- 
taminatin g proteins, the enzyn~: could be eluted by the addition of EDTA. In SDS 
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Fig. 7. De:~onstration of the phosp~owlated intermediate of the isolated (Ca "~ + ~2"~t-Anl~-~e by 
labeling with [~.32p]Ai.p. (A) Distribution of 32p radioactivity i~ a 5% SDS~Bya~yI~de ~ at'tee 
formation of the phosphoo'lated intermediate by 2 ~ ATP, in the ~ of 50 ~ C-~z ÷ i2 
MECla, (It;) Similar exp~q~iment to A, but phosFhorylatioa in the p~ea,.'e of 500 ~ EGTA + 12 
MgO2. A photosraph of the Coomassie blue.staiaed gel is ~ betow the ~ t R ~ w ~  
from rem~lts of ~ et el. [ l ' ~ h  by courtesy o f . l o ~ 2  vf ~ i e a i  ~ . )  
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electrophoresis, only one ~najor baud with a molecular weight of 125 000 was detected, 
and this protein could be p~.osphorylated upon incubation v~ith [7-2P] ATP, in the pres. 
ence of calcium (Fig. 7). A minor protein fraction (205 000 daitons) was also present in 
the purified preparation, which possibly is a dimer of the transport enzyme. 

The first atterhpts at reconstitution of the red cell calcium pump by incorporating 
(partially) purified (Ca2÷+ Mg2+)-ATPase into artificial li[pid vesicles were rece.ntly 
reported by Gietzen et al. [153] and by Haaker and Rack,~r [112]. The former group 
used the method of chelate dialysis, while the latter applied a freeze-thaw sonication 
method for the incorporation of the pump molecules into liposomes. In b~th studies~ the 
(Ca 2÷ + Mg~)-ATPase was purified by using the method of W~lf et al. [106], from human 
and porcine erythrocytes, respectively. An (ATP + Mg2÷)-dependent calcium upt0ke into 
the vesicles was demonstrated by both groups. Activc-calciium transport in the freeze- 
thaw reconstituted vesicles was significantly stimulated by the addition of calmodulin 
[ I 12]. 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 r scinating, area in the investigation of the 
~ed cell calcium pump is its cellular regulation. In normal red ceils, active calcium extru. 
sion is operating only at about 0.1-0.5% of its full capacity,, since ~ow passive permeab~l~ 
ity of the membrane prevents any significant calcium entry. However, in an 'emergency' 
~ituation, 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 th'~ 
inc.reased cellular calcium concentration, but the regulation c~f the pump activity seems to 
involve a rather complex cellular apparatus. 

XA. Regulation by intracellula~ soluble proteins 

In 1973, Bond and Clough [154] first observed that membrane.free red cell hemoly- 
sate ~iguificantly stimulates (Ca2+ + Mg2÷.)-ATPase in isola~ted red cell membrane frag- 
ments. They also showed that the stimulating factor is a noza.dlalysable, trypsin.sensitive 
protein, and that it is not hemoglobin. In 1976, Luthra et al. [155,156] reported the 
portial purification of the (Ca 2÷ +Mg2÷).ATPase activator protein by ion.exchange 
clironmtography. 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 kiqetics of(Ca 2+ + Mg2+)-ATPase activity [61-66,99~100]. 

~ e  direct involvement of cytoplasmic proteins in regulating active calcium transport 
was fi~st indicated by a short communication of Macintyre and Green [75], reporting the 
stinmiation of  active calcium uptake in inside.out red cell membrane vesicles by the m,.~m- 
brane-fr~e hemolysate. In 1978, the observations of Macinty:re and Green were reinfor~:ed 
and extended in three different laboratories (Refs. 76-78; see Fi~l. 2). 

A fascinating ~velopment in 1977-79 was the purification of the cytoplasmic activa. 
tor protein and the recognition of its similarity (or identity) to calcium~lependent regu~a- 
tory proteins in other tissues, In the early 1970's, ca~,:ium-dependent forms of b ~ n  
adenylate cyclase and pimsphodiesterase were characterized, and a modulator protein, 
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transferring calcium-sensitivity to these enzymes, was isolated (for re~ie-~ see Refs. 157 
and 158). It was; tirst shown by Gopinath and Vincenzi [159] and Jarrett and Penn~ton 
[160] tlhat a purif:ed brain p[',osphodiesterase and adenylate cyclase activator mimics red 
cell cyt:oplasmic proteins in stimulating (Ca 2+ + Mg2÷)-ATPas¢ in isolated red cell w, em- 
branes. H'inds et al. [161t and Larsen and Vincenzi [162] demonstrated ti~at the above 
brain ,~,~tivator protein (termed calmodulin by Cheung et al. [157] in 1978)stLrmilates 
calciun'l iqptake in inside.out red cell membrane vesicles. 

From the rapidly growing number of publications couceming the functb~ns and struc- 
ture of calmodu[in (according to a recent I.S.I. 'citation-cluster' investigation [163] this 
t;)pic i~!~ amon~, the fastest growing fields of basic science) the following conc|m/ons can 
be outlined at present: 

CahI~odulin is a low (16 50)) molecular weight, acidic (pHi -- 42-4 .3) ;  relatively heat- 
stable protein with an identic;d or almost identical structure, and with ubk[uitous occur- 
rencc ila eukaryotic cells [158]. It is a divalent cation-bittding protein wit[~ four bh'Ming 
sites: three of them with high affinity for calcium (Kd of about 0.2 #~)  bg~t low affin/ty 
for Mg 2÷ (Kd = t40/aM), and one site with similar at'finit~cs for both ~Jns (Kd,Ca = i/zM, 
Kit,Mr :*: 20/aM Ii164]). Thus, the functional intracellular tbrm of catmcdutin is poss~ly a 
3 calcium : 1 magnesium state. Calmodulin action can be selectively inhibited by its 
reversible, calcium-dependent binding to some neuroleptic drugs, especially to pheno:h~- 
zines [165,166]. By means of che,nical modifications and biophysical methods, it was 
shown that binding of calcium increases the helical content of calmoduiin, and makes its 
tertiary structure more compact [158]. Calcium-dependent changes ha the microenviron- 
merit of ty rosyl residue 138 on the protein were reported [ 167]. 

The role of calmodtsiln has been demonstrated in calcium-induced insulin, rek~se 
[168-ii70] anc~ intestinal secretion [~71], in synaptic ,*.ransmission [172,173], in the 
regulatilon of active calcium transport in sarcoplasmic reticulura [174| and in synapto- 
seines I! 175,176]. Involvement of calmodulin action is also postulated in the reguht.~n of  
cell mtlltiplication [6], and fertilization of oocytes by spermatozoa [i77]. The enzymes 
known to be regulated by calmodulin include phosphodie!~terase and adenyiate cyclase in 
various tissues, myosin light-chain kinase in muscle and no,-ranscle cells, phosp~ryhse B 
kinase, and several other protein kinases (see Refs. 157 and 158). Tht~s, caimodulin 
possesses the ability to modu1!ate a large number of  cellu[~ functions, possibly most of  
those r,.~gnlated by Ca 2.. lt~ accordance with this general physiological role, the structure 
and function of  ~his protein have been highly conserved during evolution. These data con- 
firm oar belief that Nature is close-fisted when using different tools, although she is 
luxurious in the effects produced. 

In human red cells, calmodulin affects (Ca 2+ + Mg~')-ATPase activity and active cal- 
cium tt'ansport possibly through a calcium-dependent direct binding to the tmnspo~ 
enzyme [178-.183]. Calmodulin binding decreases the apparent calcium dfmity of  the 
system and increases the maximum transport (ATih_se) rate [73-80].  CalmodutL, t has no 
apparerlt effect ~.., the ATP and Mg 2* aftinity of the pump [78,179], although it may 
alter th8 regulatory role of high ATP concentrations [IOg]. Cahuou~c~,in b ~  t~ the 
pump protects the system fror a inactivation dur~g storage [182], while in ~ mem- 
brane preparations the loss of activation by e~Lmodulin is observed [69]. ~ to 
our ~:ec,mt experiments [184],, mild trypsin d~gestion of inside.out red 0~tl membrane 
vesicles mimics the action of edmodulin,stimulation of active calcium upt~',,Ae k~ading to 
decn;au~: in Kca at unchanged/CAT p. Calmodulin has no further s~imulatm~/action in 
these irlside.out vesicles. These experiments indicate that a suburfit of the Uaasport 
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enzyme is easily digest~;d at the internal membrane surface, and possibly the funetionir~g 
of this calmodulin.binding, regti!ztory subunit determines the calcium affinity of the 
pump. The possible mode of calmod,:li~i a~tion on the reaction mechanism of active c~l- 
cium transport in the red cell membrane i~ discussed in Section XI. 

In 1977, Wang and D~sai [185] isolated and characterized a calmo~:'|in-binding 
'inhibitory' protein, with ~.~ detectable enzyme activity, l.arsen et al. [ 186] showed that 
this protein prevented calmodulin action on the calcium pump in inside-out red cell mem- 
brane vesicles. By aow, several types of calmodulin-binding proteins have been isolated 
(see Ref. 187), possibly with functions modifying calcium + calmodulin effects on various 
target enzymes. According to the experiments of Au [188] and SaJ:kadi et al. [80], con. 
centrated, heat.labile protein fractions of the red cell cytc,plasm prevent calmodulin acti. 
vation of the red cell membrane (Ca=++ Mg2+).ATPase and calcium transport, respec- 
tiv¢.iy. In the original intracellular environment, these inhJLbitors may overrule the effect 
ot calmodulin [80], and the actual regulatory balance is ~ossibly a complex function of 
Ca :'~, Mg 2~, and ATP concentrations. The low calcium affinity of the calcium pump and 
its re]atively low maximum transport rate in intact red cells as compared to those in 
res~aled ghosts or in calmodulin-supplemented inside-out vesicles (see Refs. 67 and 80) 
indicate that calmoduliu effects in the red cells may be largely supre,,~ed. 

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 millirnolar magnesium con- 
ce~Ltrations. Although human red cells contain 2.5-3.0 mM magnesium, most of this 
divalent cation is chelated by ATP and 2,3-diphosphoglyce,ate, and the free Mg 2+ concen- 
tration is only about 10% of the total [189]. Therefore, actual changes in the intraceihdar 
ATP and Mg 2÷ concentrations may influence the characteristics ot" 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 ~absection IVB, and Section V (see ~dso 
FIS:. 4). 

Cyclic AMP is postulated as a general second messenger in celluhr 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 ti,,e same time, cyclic .~lP-depen~ent 
membrane phosphorylation by protein kinases was convincingly demonstrated in hmnan 
reel cells [114-11.8,139], and uptake of cyclic AMP from blood plasma may be suf- 
fic:ient to stimulate this activity [192]. A recent report by  Vargbese and Cunningham 
[193] indicated that micromolar concentrations of cyclic AMP :inhibit (Ca 2* + Mg=÷)- 
ATPase in red cell membrane fragments. The authors suggest that active calcium transport 
~n red cells is modulated by means nfa  mechanism in~rolviag cyclic ~ I P  and a memb~me- 
associated protein kiIme. In inside.out red cell membrane vesicles, cyclic AMP (al~J in 
the form of dibutyryl cyclic AMP) has no effect on active: calcium transport (garkadi, B., 
unpublisi~ed data), and a possible explanation for this e~ntradiction may be the loss of 
some peripheral membrane proteins during inside.out vesic|¢ preparation. 

Experiments carried out on fragmented red cell membranes, as well ason inside-out 
vesicles indicate that both Ha" and K + in the cell interior have stimulatory actions on cal. 
cium pumping in erythrocytes (see subsection IVC), Although alterations inthe Na ÷ and 
K ÷ concentrations in the physiological (or even in a pathological) range seem to be insuf. 



ficie~,~t to evoke major altelrations in red cell calcium pumpi=~g, the m m ~ e n t  cat/on 
depe adence of  the plasma membrane calcium transport may be importa'~t in other t~.~es 
or in red cells ~f different species. 

Xl. ~Llodel for the reactio~ mechanism of the red call calcium pump 

itrt this section, a putative model for the reaction mechanim of  the ~Ic/u. l  pump, and 
for the sites of  regulatory a:ctiom is presented. The multi-step sche~, e in Fig. 8 scmm~- 
rizes earlier reports on the ~.haracteri:tics and regulation of  the ~ed c~ |l calcium t r ~  
but, of course, is influenced by the author's opinion in .~electing the e~e~ant. ~ ' ~  
for c ~nstructing a self-consistent model. 

Tile basic assumptions in the model are as follows: "fhe cak:ium transport er=~,,~ i E) 
in the red cell membrane at the internal membrane su~ace first reacts with two Ca 2~ and 
then the .nzyme-calcium c,~mplex (ECa2) is phospholylated by ceRul~r ATP (EPCa~). 
The enert,y fi)r calcium tra~tslocation is provided by this p ~ p h  ~ryhtioa. FoRow~g c~- 
clam translocation, the affinity of  the enzyme for calcium dec) eases by se~'e~ orders o f  
ma~titude, and Ca ~÷ is ~eleased into the extraceUulm: soluti~=n. M~gne~dum-dei'.end¢~ 
dephosphorylation of  the enzyme occurs at the internal membrane snrf~ce, and ~h~ sys. 
tern is ready for a new transport cycle. In the model, active o~cium transport is m~ co~- 
nect,~:d to the co- or counter-transport of  money,dent or dive,eat c a t ~ m  (electr~neuU~l- 
ity c]uring calcium extrusion is probable ensured by chic :.de e~¢x) .  Tt~ sto~:~mcg~y 
of  tt~e calcium transport and ATP spfitting in the model is 2 : I .  it has t~ be ~ 3  
that ,:he 'intramembrane positions' of the enzyme or the SP complex on the re'act/on 
sche.,ne do not represent any specific molecular movem.~nts but merely illustrate the. reg-- 
tion steps. 

Examining the steps of  the reaction scheme, steps 1 a td  2 represent the b~d~ng of  
Ca 2÷ to the transport enzyn,,e. Experiments demonstrating ~ he calcium-kuduccd fornm~i~ 
of  the.' phosphorylated intetmediate of  the calcium pump from ATP~ndi:ate tlmt EP for- 
mation is evoked by calcium binding. The conclusion th:,t calcium-binding sites o~n the 
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enzyme exist in the absence of ATP is supported by experiments on N-othylmaleimide- 
enzyme intert~ctions [124]. According to transport experiments on resealed ghosts [54] 
and on inside.out membrane vesicles [79], Kca,tr~ when measured in CaEGTA buffers is 
between 0.$ and $ vM. This v~lue 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 of ionophore A23187, suggested that the cal- 
cium pump has two binding sites for calcium with similar dissociation constants (about 
I vM). In these experiments, a 'lob, t-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-out vesicles [7,18,49,54,78,79,81]. The variability i:ll the actual Kca 
values is mos~. probably due to t'xe association or dissociation of calmoclulin to the pump 
molecule (see below). 

Step 3 in ~he reaction mechanism is the phosph~rylation c f the enzyme-calcium com- 
plex by A'fP. The substrate in this reaction, is probably free ATP, and the value of 
KATe.free is about 1-2/JM [55,78,85,138,142]. 

Step 4 reg,resents calcium translocation and the release of Ca 2+ into the ex~.racellular 
solution. The change in the affinity for calcium during this ~eaetion amounts to several 
orders of magnitude. Still, in experiments where steep, reversely directed calci~am 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 Wiithrich et al. [195] showed picomolar amounts of net 
ATP synthesis by running the calcium pump backwards in inside.out membrane vesicles. 
It is possibly step 4 in which external lanthanum is bound to the transport enzyme, 
blocking any further turnover by stabilizing the system in ~ phosphorylated form [55, 
142]. We do not think that the calcium pump is working as a mobile carrier for calcium, 
but e~xternal 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 :+. As the binding of magnesium to the enzyme 
during phosphorylation is sufficient to produce rapid dephosphorylation [13[~], a magne. 
slum-dependent change of the EP to an E'P form is postulated (steps 5 and 6). E'P is then 
easily h~,drolyzed 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, we may work out a rough estimation of 
the relative rates of the individual reactions. In the absence of m.'lgnesiu~n, calcium. 
induced EP formation has a Tl~2 value of 40-60 s at O°C (Sarkadi, B. and Enyedi, A., 
unpublished results) while the addition of magnesium reduc(~,s this 7"1, z 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 not(,,d in the presonce of magne- 
sium. However, 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-'10 s incubation periods), and 
an underestimation of the calcium.induced EP level possibly occurred. The Ttt 2 value for 
the dephosphorylation of th0 EP complex is 4 0 - 6 0  s in the absence of magnesium, and 
the decomposition of the phosphoenzyme is incomplete under these conditions [55,137, 
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138]. Magnesium reduces the 7"1/2 ~aIae for dephos~+~horylation to 4 -5  s ~nd p ~ o d ~  
complete decomposition of EP [137,1381. 

Th~ above data can be titled into ~ kinetic model i++ whlch the ra~e-lircfi~ing step m ~he 
pump cycle, in the absence of magne ~ium, is the transtbrmation of EP to E'P, wh/~e in ~h¢ 
pr~sertce o¢ magnesium the sic,west :eaction (depending on the actua~ condition, s) is either 
the fc+.~na~tion of ECa~, or the calcium-translocation step (see Rcfs. 55 artd 138). ~ tt '~ 
mc,&t, the magnesium acceleration of EP formation is caused by ~a L~r,m~ in the free 
en:,,yI~,~e concentration. 

A.~; to the sites of re~latory effects on the calcium pump, K'. Na +, and ATP were 
shown to stimulate depho:~ph3rylation of the EP complex [I~.3,14~.]. ~ u ~ n  
decre uses Kc~ of the calcium p.mp, and increases the level of EP complex formed in the 
abser~ce of magnesium [108,144,145]. In the presence of calcium + magnesium, c~mo- 
dulin does not affect the stead5-state level of EP but accelerates the rate c,f EP f o ~ t i o n  
[108]. These data suggest that the predominant :ffect of calmodulin is to inzrc'.se the 
rate of reaction(s) I and/or 2, ;rod thus .qimulate calcium pumping through the acc~qcm- 
tion ~f cagcium-dependent pho., phoenzyme formatic+n. Recent expc,,imvnts by R¢~ and 
Garr~han [145] indicate that :ahnodulin also stimulates EP deph+~sphoryhti~n, when 
measured in the absence of mag ~esium. 

R,~:liable calculations for ~h( overall turnover rate of  the red cell calcium pump ~e  
hin&~red by our not knowing :he exact number of the pump molecules ill the ervthr~- 
cyte.';. This value is probably between 700 [138] and ,1500 [183] pump molecules/red 
cell, thus the turnover rate of lhe system is between 1(~00 and 2000 ions/pump s~te pvr 
rain ;itt 37°C. 

XII. Comparison of the red[ o:11 calcium pump with olher actice calcium ~ sys- 

tems 

It is hoped that the calci:um pump in red cells provides a model for investigating 
char~;lct".ristics of active calciura transport systems in other cellular l~mbr~es .  As far as 
can be concluded from stucties on the plasma membranes of  dissected or cultured 
cells~, (ATP ~ Mg2+)-dependent calcium transport is a ge~¢:al way fur calcium extrus~n 
from the cell interior. The pr,.~sence of such a caleium exmlsion has been ~epov~ed 
many tissues, including liver [196], smooth muscle [197] and hcar~ s a r c o ~ a  [198]. 
kidney [199,200], FJ~rlich ascites tumor cells [201]. plate.lets [202,203] ~ ncutropb~ 
granalocytes [2041. In various excitable, and 'also in non-excitable, ce~,  ~ c i ~ m  exvm- 
sion occurs by an Na+-Ca z+ exchange system, working at the expense of  the ~ ÷  g ~ n ~  
estaltdished by the (Na ÷, K*) pump. However, ATP.dcpendent ca~m~ extrusion seems to 
be present also in these cellular membranes (see Refs. 1, 2, L98, 205-207). A rcc~t  
report by Gmaj et al. [200] suggests th~tt in the basolatera! m~nbmn¢ of  k ~ "  ~ 
Na'.Ca 2÷ exchange is responsible for the b~alk flow of  calcium across ~h¢ epi~.he~um. 
(ATP + MgZ+)-daP ¢ndent calcium extrnskm maintains the low c y t o ~ k "  c a l c i ~  con- 
centration. DiPole et al. [207] showed that in squid axons, v a n ~ t e  h~b i t s  ATP-6cp~m- 
dent calcium extrusion wi~thout affecting Na+-Ca ~ exchange. R is worth ~ ~  
that, in human red cells, no trace of ~ i~a*-Ca 2÷ ex~ange ~ be obse..~¢~, w ~  ia 
canine red cells, volume r*.~gulation d,~pends upon a soditm~cak~mn ~ 2 o w  
extruding sodium at the expense of calcimn influx, and upend, a s i m ~ t ~ s  ~¢~v¢ c~ci- 

um ~,,xtrnsion [208,209]. 
Table I shows some con~tparative data for the acti~ calcium trm:~spoct :in the v:d ¢ ~  
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TABLE I 
CHARACTERISTICS OF ACTIVE CALCIUM TRANSPORT IN HUMAN RED CELLS, SARCO- 
PLASMIC RETICULUM (SR) VESICLES, AND MITOCHONDRIA 

nTP, nucleotide triphosphate; pNPP, p-nitrophenyl phosphate; aeetybP, ,~.cet:Aphosphate. 

Parameter Human red cells SR vesicles Mitochondria 

KCa,free 
(EGTA buffers) 0.5-5 ~M 0.3-0,5 ~M 1-5 ~M 

V (nmolCa/mg pro- 
tein rain; at 37°C) 10--25 1500-2000 100-200 

Metal ion 
specificity Ca > Sr >:> Ba, Mn Ca > Sr >> Ba, Mn Ca > Sr >> Ba, Mn 

Energy source ATP (+nTP) ATP, nTP, pNPP, ATP o:t substrate oxida- 
acetyI-P tion 

Mg 2+ requLrement + + + (if ATP is used?) 

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

serving site 

Most effective La, ruthenium red ruthenium red, La ruther~ium red, La 
inhibitors 

Phosphorylated a c y l p h o s p h a t e  acylphosphate none (or not shown) 
intermediate 120 000-150 000 100 000 - 130 000 

dalton protein dalton protein 

Calmudulin + + not shown 
rcgt~tion 

Cyclic AMP ?+ + not shown 
regulation 

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

membrg~. = ~nd for that in sarcoplasmic reticuh~m and miteehondria. As indicated, the 
Kca,fr~ ,'~a~, obtained in CaEGTA buffers, are fairly similar in the three transport sys- 
tems, although the maximum tr~msport rate is about 100 times greater in the sarcoplasmic 
reticulum, and about l0  times greater in the mitochondria than in human red cells. This 
difference ~ understandable if  w0 consider that in the sa rcop~nic  reticulum, 60-75% of  
the membrane proteins belong ~o the calcium pump - this system is specifically devised 
for the rapid elimination of  calcium from the mu~le cytoplasm during relaxation. 
Although the method of  energy 'input' is somewhat different in the three pump systems, 
the values for stoichiometry are similar, and inhibitory effects of  lanthanum and rutheni- 
um red are also observed.Both in red cells and sarcoplasmic reticulum, calcium is actively 
transported away from the side of  the membrane where ATPis  hydrolyzed. A possible 
coL~lter-tnmsport of  magnesium in sarcoplasmic reticulum during calcium uptake has 
been indicated [210], ~ important difference between calciuni transport in human red 
celia and sarcoplasmic reticulum is that the latter system is easily capable o f  synthesizing 
ATP during a backward calcium movement, while to make lhe ted cell calcium pump run 
backward is much more difficult. Active calcium transport in red cells as well as in saree- 
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plasmic reticulum is regulat,.~d by calmodulin, althou~L in the latter sy~ern the c a t ~ -  
dulin effect is presumed to be transferred by protein kir~ase actions [21 I]. There are abe 
data available for the cyclic ,gMP-dependent, protein kinase-catalyzed rcgu|ation of active 
calchlm transport in sarcoplasmic r~ticulum [212,212]..Na÷ and K",jug as in the c~¢ of 
the led cell calciun~ pump, stimulate active calcium transport in sarcop~mic rcticulum 
vesicles [214,215]. Immunological cross-reaction between purified red cell (Ca z+ + MgZ*) - 
ATP~se and antibody against rabbi~ skeletal muscle sarcoplasmic reticuium A ~  was 
repo~r~ed by Wolf [ 152], supporting the structural similarity of the two ertz~,~es. 

l~vestigations of the ATP-fuelled calcium pumping in synap~ic reticles [216,217] ~,-~d 
in sn~ooth endoplasmic reticulura membranes [218] giw hope for a bett~.~r u n ~ g  
e¢ i~ tracellular regulation of cytoph~,mic calcium concentration. It has ~o be m e n ~  
that bacteria also have a calcium pump which extrudes calcium from the call ~ -.r/~ (see 
ReE 219). In most bacteria (e.g., in b.'. coil), the energy for c~cium ~ran~r t  c~n be 
derived either from the electron transport chain by substrate orddati~:m, or from the 
hydlolysis of ATP. However, in Strepr~,'.occ~s faecalis, the cak-ium pump is fu~qlcd only 
by ATP, in the presence of Mg 2÷ [220]. Analysis of the si~rdlari~ies and ~ifferenccs in the 
varif~us forms of membrane calcium transport may certainly increase our ur~de's, funding 
of these processes of vital importance. 

XIll. Summary and conclusions 

I.Gcal changes in i:~traceilular calcium concentration ~regulate numerous bas~ function,s 
in the living cells. This regulation is based upon the unequal calcium distr~bu~,km 
the ,.~xtraceUular fluid, the cytoplasm, a~ad some intracellular organdies. The ~L~nate way 
to a~sure the physiological low cytoplasmic calcium concentration is the active e x ~  
of calcium by plasma membrane pnmps. 

,~ctive calcium extrusion in human red cells is of vit;d imporUmc¢ as an Lrtcreas¢ m cob 
lular calcium is harmful to most red cell functions. "lhe calcium pu,-n;~ is a mcmbr~,~e- 
bound system, catalyzing ti~e uphill extrusion of calcium by using the energy of c¢~uhr 
ATP. According to a ~,:aetion scheme (Section Xl), intracellular binding ,~ calcium to the 
pump evokes an ATP-del~t,'dent phosphorylation of the transport enzyme, and then 
trar~smembrane calcium movement. For the dephosphoqd~tion of the enzyme, i.e., fo~ 
the continuous work of the Fun'rip, the presence of c¢ll:alar nmgnesium ~i requital. No cc,- 
or ~::ounter.trausport of cations is connected to active calcium extrt~oa. The s ~ -  
eta,' of the pump is either 1 Ca : 1 ATP, or mo,-e m'obably, 2 Ca : 1 A~'P. The m o t e c ~  
basis of the red cell calcium pump is a membrane-spanning p~oteha with e mo~ecuhr 

weight of 125000-150CO3. 
Calcium extrusion from human red cells is effectively stimula~:od by small increases 

the cellular calcium concentration. The pump is also, influence! by c~a.%,~s in 
Mg 2+, ATP, or monovalent cation concentrations and by the action of c y t o p ~ n ~  ~:gu~- 
to~y protein(s). The protein activator of the rod c~ll ¢~cium pump he~ .'~ motccubx s t a -  
ture similar or identical to the calcium-dependent rcgalato~" p~o:cin, calmodu~n, fo~md 
in various tissues of ratio.us animal species. In ~.~ c~lls, ~ d i n  mc~scs  the max~- 
m~:m transport rate of the calcium pump and increases its calcAum a,q~c,~ty as w¢~. 

Active calcium transport in human red ceils is a useful agak~l for i a v ¢ ~ i ~  the 
characteristics of ATP.fudled pumps in the p l~aa  membranes. The red ce~ ~ 
pump has basic features similar to active calcium tzanspoR in the p h , ~  mcmbr-~ of 
different eekaryotic cells, in sarcoplasmic reticulum, or in bacteria~ raemhrancs. 
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