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THE RELATIONSHIP BETWEEN Mg+Ca-ATPase AND
ACTIVE CALCIUM TRANSPORT IN RESEALED
HUMAN ERYTHROCYTE GHOSTS

by
E.E. QUIST

ABSTRACT

Human red blood cell ghdsts were prepared by a modification
of the procedure of stepwise hemolysis (57). EDTA (1.0 mM) was
included in the washing procedure to remove endogenous ATP and
divalent cations. Ghosts resealed with appropriate amounts of
ATP, calcium and magnesium were fouﬁd tq have Mg+Ca-ATPase act-
lvity and llnearlty was m?iﬁtalned up to thirty minutes., Actilve
calcium transport could be stud;ed in these ghosts by measuring
the change in the cellular concentration of calclium over time
by atomic absorptlion spectrophotometry.

Varlation in the concentratlion of calcium in the loading
medium resulted in an activation of Mg+Ca-ATPase and two peaks
were evident on the activation curve;mhe high and low affinity
Mg+Ca~ATPase were maximally stimulated at 0.25 and 5.0 mM calcium
in the loading medium,respectlvely.

The veloclty of calcium transport was also found to be dep-

endent on the concentration of calcium in the loadling medium
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and was activated over the concentration range of 0.1 to 5.0
mM calcium. A change in the concentration of cellular calclium
was not evident in the absence of added ATP. In contrast to
the activation of Mg+Ca-ATPase two peaks were not obtalned,
and the activation curve had a sigmoidal appearance.,

Comparison of the calclum activation curves of Mg+Ca-ATPase
and calcium transport revealed a similarity in the shape and
position of the low affinity part of the MNg+Ca-ATPase and calcium
transport activation curves. A stoichiometry of two (Ca :ATP)
was obtalilned in the low affinity activity range.

Ruthenium red (0.05 to 0.4 mM) selectively inhibited the
low affinity Mg+Ca-ATPése and inhibited calcium transport over
the same concentratlion range to a simllar degree. Both low
affinity Mg+Ca-ATPase and calcium transport were inhibited by
external ruthenium red with an 150 of 0.2 mM. ,

Propranolol, quinidine and quinine (10'5 to 1073H) were
found to be ineffective in stimulating or inhibiting Ng+Ca-ATPase
when added to the internal and externai aspects of the ghosts.

Manganese, added to the loading medium over a wide concent-
ration range, was unable to substitute for cglcium in activating
Mg+Ca-ATPase.

External divalent catlions calcium and magnesium further incr-
eased Mg+Ca-ATPase activitles when added to the external medium.
Maximal stimulation occurred at a concentration of approximately

3.0 mM and calcium was almost twice as effective as magnesium,
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INTRODUCTION

Human erythrocytes maintain a low intracellular concent-
ration of calcium by means of an active calcium transport
system requiring ATP (1). Schatzmann proposed that active
calclum transport was associated with Mg+Ca-ATPase, analogous
to the Na, K pump system (1l1). Some similarities between the
properties of Mg+Ca-ATPase in red blood cell membrane fragments
and calcium transport in resealed ghosts have been reported as
indirect evidence supporting this hypothesls (12,26,30). An
assoclation between these systems was also demonstrated when
both activities were studied simultaneously in resealed human
erythrocyte gﬁosﬁs loaded with a single concentration (1lmM) of
calcium (30). However; with the finding of ﬁore than’.one
MgtCa-ATPase in red blood cell membrane fragments (32,33,34)
it becéﬁé apparent that further direct evidence showing an
association between Mgt+Ca~-ATPase was requlired. Therefore, in
the présént thesis the assoclation of MgtCa-ATPase activity and
active calcium transport has been relnveétigated in the same
preparation of resealed ghosts over a wide range of calcium
concentrations.

Ruthenium red which has been reported to selectively inhibit
Mgt+Ca-ATPase activity in red blood cell membrane fragments (40)
was tested on resealed ghosts to determine whether this dye

would also inhibit calcium transport. Ruthenium red was also



used as a tool for investigating the assoclation between the
calclum transport system and a Mg+Ca-ATPase.

It was consldered that this transport system may be a
important site of drug action, particularly for drugs involved
in the mobilization of calcium, because of the multitude of
physiologlcal effects regulated by internal calcium. Drugs of
interest which were studled include quinine, quinidine, propran-
olol and tetracaine. The red blood cell ghost was used as a
model membrane system in this study since red blood cells can
be obtained in large quantities and ghosts free of the intra-
cellular contents can be prepared by the method of reversal
of hemolysls. The red blood cell has previously proven to be
1nfaluab1e for studying the mechanism of cation transport and
asymmetric ouabain inhibition of Na,K-ATPase. iMany simlilarities
have been shown between mechanisms operating on this system

and those on the plasma membrane of other tissues.



LITERATURE REVIEW

Homeostatic Mechanlsms Controlling The Intracellular
Concentration Of Calcium

The homeostatic mechanisms by which cells maintain a low
intracellular concentration of calcium has been of interest to
physlologists for the past seventy years. In mammalian cells,
the intracellular concentration of calcium has been estimated
to be between 10-7M and IO-SM in contrast to a calcium conCent-_
ration of 10'3M in the extracellular fluid (1,2). Malntenance of
a low intracellular concentration of calcium is of vital import-
ance to the survival of the cell as an increase over the normal
level has a profound effect on cellular and enzyme functions.

For instance, in human erythrocytes intracellular concentrations
of calclum greater than 10'“M inhibits Na.K-ATPése which controls
the distribution of sodium and potassium across the plasma mem-
brane (3,4). A number of other enzymes inhibited by calcium

are shown in Table I. It has also been accepted that intracell-
ular calcium is a coupling factor in excitation-contraction coup-
ling in muscle celis (6). In human red blood cells, intracellular
calclum has been shown to regulate the passive permeability of

the plasma membrane to Nat ana x* (7,8), the volume of the cell

(9) and membrane deformability (10).



Table I. Ion Antagonisms (5)

Enzyme Activating Ions Inhibiting Ions
Methionine adenosyl- Mg or Mn + (K, Ca or Zn
transferase NHy,Rb)
Pantothenate Mg or Mn Ca or 2Zn
synthetase
Pyruvate kinase Mg + (K,Rb,Cs) Ca and Na or Li
‘-nucleotidase Mg Ca
Argininosuccinate Mg Ca or Mn
synthetase
Glutamine synthetase Mg or Mn Ca
Riboflavin klnase Mg,Zn,Co or Mn Ca
Inorganic Mg Ca or Zn
pyrophosphatase
Phosphopyruvate Mg,Zn,Mn or Cd Ca or Sr
hydratase :
Myosin ATPase Ca or (K or NH4) Mg
Glycyl=leucine Zn or Mn Ca
dipeptidase

A number of well-established homeostatic mechanisms by
which cells control the distribution of calcium across the
plasma membrane have been summarlzed as follows:

1. Passive permeability; Plasma membranes in the resting
state are relatively impermeable to calcium uﬁder physiological
conditions., However a slow exchange of caléium across the
plasma membrane is evident (12,13). The disﬁribution of calcium
across the plasma membrane is also not uccording to the equilib-
rium potentlal as calculatéd by the Nernst Equgtion (2). In
red blood cells the relatively impermeable nature of the plasma
membrane does not account for the low intracellular concentrat-

ion of calcium since culcium is taken up in cells depleted of



ATP or stored in the cold (7). This observation indicates that
the distribution of calcium is maintained only in a metabol-
lcally active cell,

2. Active calcium transport; In human erythrocytes (12,13),
He La cells (44) and L cells (45), calcium has been shown to
be transported across the‘plasma membrane against an electro-
chemical potential by a mechanism reyuiring ATP.

3. Na=Ca Coupling;vln nerve (14,15) and cardiac muscle (47),
one intracellular calcium ion 1s exchanged for two to three sod-
lum ions by a system not coupled to a chemical reaction.

4., Intracellular organelles;

(a) Sarcoplasmic reticulum - The sarcoplasmic reticulum
is a network of tubules; vesicles, and cysterhae surrounding
the myofibrils (9). This structure rapidly accumulates calclum
"~ by an active transport system olosely‘asséciatéd with a magnes-
ium dependent ATPase (54). These structures are extremely impor-
tant fdr relaxlng:the‘cpntracture of skeletai énd cardlac muscle
cells. - _ . o

(b) Mitoéhondrla - Mitochondria aétlfely accumulate
calcium by an uactive calclum transport system requiring ATP.
Mitochondria may be lmportant in maintalning a low intracellular
concentration of qalclum in nerve or in musclevhaving a poorly
develbped sarcoplésmic reticulum (16.1264,69),

5. Intracellular binding and chelation; Calclum 1is also
bound to anionic sites (such as on proteins) and chelated to
molecules such as carboiyllc aclds and nucleotides. The relative

importance of calcium binding to these sites is not known.



Active Transport In Humen Red Blood Cells

Red blood cells have proved to be a useful model system
for studylng actlive transport of catlons and solutes. These
cells are avallable in large quantities in a homogeneous form
and the plasma membranes can be 1solated by relatively gentle
means for enzyme studies. Perhaps for this reason the coup-
ling of a transport process to a chemical reaction was first
identified to occur across the plasma membrane of the red
blood cell.

Nllbi'andt in 1939 (19) was the first to demonstrate that
the distribution of sodium and potassium was related to gly-
colysis. Inhibition of glycolysis by lodoacetate and sodium
fluoride led to a loss of intracellular potassium and a change
in the osmotlc resistance of the cell. This study stimulated
other workers to speculate that ATP was directly involved in
the distribution of potaéslum. as ATP 1s syntheslzed solely
by glycolysls in the human red blood cell. The importance of
ATP 1n maintaining the intracelluluar levels of potassium was
verified in experiments with reconstituted or resealed ghosts
(22). Red blood cells may be partially hemolyzed by exposure
to hypotonic solutions, usually with lonic strengths of not
less than 0.02 M (20,21). The cells become leaky due to osmotic
shock and ATP and other ions may be introduced into the cell.

With the addition of a concentrated salt solution to this
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hemolysate, the 1sotonicity can be restored and the restoration
of low cation permeability thus obtalned is adequate for stud-
ying active cation movements. Gardos (22) introduced ATP into-
resealed ghosts and demonstrated an accumulation of potassium
by a system which required ATP. Schatzmann (23) demonstrated
that this ATP dependent system was inhibited by ouabain. A link
between pbtasslum transport and the membrane bound enzyme
Na,K-ATPase was recognized when Na, K-ATPase was found in crab
nerve by Skou (24)., Since then, Na,K=ATPase has been found in
the plasma membrane of most cells, including the human erythro-
cyte (3)s In red blood cells Na,K-ATPase and the active trans-
port of sodium and potasslum were inhibited by approximately
10'53m m1~! of oubaln (23). The stolchliometry and other prop-
erties of Na, K-ATPase System have now been well reviewed (24).,
On the other hand, the finding of an energy dependent calcium
transport system has only recently been demonstrated in red blood
cells and the studies have been relatively few. Historically,
Dunham and Glynn (3) in 1961 were the first to report the exist-
ence of a ouabaln insensltive calclum activated ATPase in red
blood cell membrane fragments (RBCMF). This enzyme which was
found in these studies to have a specific activity two to three
times as great as Na,K-ATPase was also found to be magnesium
dependent. This enzyme will be referred to henceforth as
Mg+Ca-ATPase. Schatzmann (11) reasoned that Mg+Ca-ATPase may
be associated with a transport syétem which maintains a low
concentration of intracellular calcium in red blood cells, anal=-

ogous to the Na,K-ATPase system. Resealed ghosts loaded with



ATP, magnesium and calcium were found to rapidly lose cellular
calelum when incubated at 37°C (Fig. 1,Parel &) (12). 1In ghosts
loaded with 1.0 or 2.0 mM calclum, 807 of the cellular calclum
was lost wlthin ten minutes. 1In agreement with the hypothesis
that Mg+Ca-ATPase was linked to thils transport process, a con-
comittant increase in the concentration of inorganic phosphate
(Fig. 1,Panal C) due to ATP hydrolysis was evident during the
courserf the calcium tranéport. In a previous study, Schatzmann
(11) found that resealed ghosts lost calcium at a slow rate

in the absence of added ATP. This result was attributed to an
incomplete removal of endoéenous ATP during the hemolysls pro-
cedure used in the preparation of the chosts. This explanation
was shown to be valld since cells depleted of energy by means

of a 17 hr incubation in glucose free medium at 37°C showed no
loss of cellular calcium unless ATP was included in the loading
medium (Fig. 1,Pare’l B).

Ghosts resealed in the presence of 0,1 mM_calcium.‘lost
calclum into an external medium contalning 1.0 mM calcium.
Therefore the loss of cellular calclum demonstrated by Schatzmann
in resealed ghosts (11) appears to be due to an active transport
system since the process Qas found to be dependent on ATP and
operated agalnst a concentration gradlient.

However, the evidence linking calcium efflux to a Hg+la-ATPase
was not direct. 1In resealed ghosts oﬁly Intracellular calcium
stimulated ATPase activity (12). Thls asymmetrical stimulation
of Mg+Ca~ATPase activity by internal calcium 1s analogous to

the Na,K-ATPase transport system where only external potassium
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and internal sodium will stimulate Na,K~-ATPase (65). Schatzmann
also felt that the Hg+Ca-ATPase present in red blood cells was
sensitive en&ugh to be part of a calcium transbort system whlch
maintains a low lntracellular concentration of calciumawhlch
in the case of the human red blood cell has been estimated to
be less than 5 X210™°M. In RBCMF Hg+Ca-ATPase was found to be
optimally stimulated at 10‘“m calcium and had a threshold at
10”7m. |

Other evidence assoclating Mg+Ca-ATPase with active calcium
transport was as follows:

(a) Ionic Requirements; Shin and Lee (26) were able to show
that active cglclum transport was dependent on intracellular
magnesium. Since all the endogenous magnesium was not removed
during the preparation of theilr ghosts, (ethylene dlamine)-
tetraacetic acid (EDTA) (a divalent metal ion chelating agent),
ﬁés used to chelate the endogenous magnesium. Calcium transpor;
was abolished in ghosts resealed in 1.0 mM EDTA, 2.0 mM CaCl,,
and 2.0 mM ATP. | |

(b) It has also been shown that strontium can substitute
for calclum in activating Mg+Ca-ATPase in RBCMF (31) and that
strontium 1s transported out of resealed ghosts by a mechanism
requiring ATP (27).

(c) In resealed ghosts, active calcium transport does not
depend on alkall metal lons for either stiﬁulation of the vel-
ocity of calclum efflux or for a pa-Ca exchange reaction. In
ghosts resealed with cholline or in Trls buffer, rather than
éodlum or potassium, the veloclty of calcilum transport was not

changed (26,12).
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(d) Concomitant inward transport of magnesium was not
observed in cells extruding calclium, nor did the addition of
magnesium to the external medium stimulate the ATPase activity
of resealed ghosts (79). Therefore the possibility that cal-
clum transport is coupled to the inward movement of magnesium
seems unlikely.

| (e) Lastly, hydrogen lon does not seem to be coupled to
calcium transport since the pH of a non-buffEred medium did not
change during active calclum transport (26).

2. Nucleotide specificlty; Studles undertaken to determine
the nucleotide requirement for calcium transport in resealed
ghosts have been inconclusive. Lee and Shin reported that uri-
dine triphosphate (UTP) and cytidine triphosphate (CTP) were
as effective as ATP in supporting calclum transport in resealed
ghosts (26). Guanosine triphosphate (GTP) was found to be less
effective and inosine triphosphate (ITP) the poorest substrate.
In another study, GTP and ITP were reported to be as effective
as ATP (27). These facts do not support the contention that
Mg+Ca-ATPase and calcium transport are closely associated since
Mg+Ca-ATPase in RBCMF 18 specific for ATP (29). However, the
conflicting reports on nucleotldé\specificity in resealed
ghosts may be a result of incomplete removal of nucleoside
diphosphokinase which can catalyze the synthesis of ATP by tran-
sfer of ﬁhe phosphate from nucleoside triphosphates to ADP during
preparation of the ghosts (35).

Calcium efflux 1s very dependent on the intracellular con-

centratlion of ATP (26). In cells pretreated with lodoacetate,
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no significant transport of calclium was observed in the absence

of ATP (Fig. 2). However, there was about 63% transport in

ghosts not pretreated with lodoacetate 1n the absence of added

ATP., It appears that ghosts contain approximately 0.3 mM

of endogenous ATP, since approximately the same degree (58%)

of calclum was transported in iodacetate treated cells when

0.3 mM ATP was added. In ghosts loaded with 1.0 mM ATP a

more complete and faster removal of cellular calclum occurred.
3. Temperature dependence; Calcium transport 1s very sensit-

ive to changes in temperature, as would be expected of a systenm

coupled to a chemical reaction. High Qg values of 3.5 (12)

and 3.16 (26) have been reported for calcium efflux from

resealed ghosts.,
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L4, The effect of intracellular calcium on the veloclty of
calcium efflux; Romero and Whittam demonstrated that the vel=-
ocity of calclum efflux was dependent on the intracellular
concentration of calcium in red blood cells (7). Cells were
loaded to give a range of internal calcium from 0.4 to 2.7 pmoles
calcium per ml of cells, by incubating ATP depleted cells for
various time intervals in a Ringer solution containing 10 mM
calcium at 3700. The cells were enriched with ATP by incubation
Wwith adenine and inosine and the rate of calcium loss was dete
ermined (Fig. 3). The rate of extrusion increased with increas-
ing calcium concentration, reaching a plateau of about 2.6‘Pmole
calcium per ml X hr. The internal calcilum concentration giving

half maximal activation was about 0.9 umole per ml cells,

3
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Fig.3.The stimulation of calcium transport by internal caleiwm. Cells washed
free of glucose were loaded with calcium by incubation at 37> C for periods
up to 3 hr in Ringer solution containing (mnar): NaCl, 150; CaCl,, 10;
Tris-HCI, 20, pH 7-6. Adenine (5 m>t) and inosine (10 my1) were added, the
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The rate of calcium extrusion (umolo calcium/ml. cells x hr) was calculated
from the change in 10 min, and has been plotted against the mean cell cal-
cium concentration during this time. Results are shown from three

experiments (7),
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Ne+Ca-ATPagse Actlivity In Human Red Blood Cell Membrane Fragments

Since the discovery of an ouabaln insensitive calcium stim-
ulated ATPase in red blood cell membrane fragments (RBCIIF),
investigators have attempted to characterize this enzyme, The
physiological role of Mg+Ca-ATPase however has not been complet-
ely agreed upon. As previously mentlioned it was suggested that
Mg+Ca-ATPase was assoclated with active calcium transport (12,26),
whereas other investigators have felt that this enzyme may be
responsible for regulating the cell volume (31). The Mg+Ca-ATPase
reported by these latter workers 1s thought to be assoclated
with a myofibrillar proteln called spectrin (55).

Recently data has been obtained which may reconcile this
difference in opinion Qf the functional role of Mgt+Ca-ATPase.
Careful studles have revealed that more than one Mg+Ca-ATPase
i1s present in RBCMF, as differentliated by their affinities
for calcium (30,32,33,34). Figure 4 illustrates the activation
of Mg+Ca-ATPase in RBCMF found by Horton et al.(32). Activation

8

by calcium appears at 10 "M calclum and increases to 3.0 10~ 7u

calcium, at which point the rate of increase slows and a plateau
is observed up to 3 X 10-5M. The activity then rapidly incréases
to an optimum at 3 X 10‘4M calclum., The enzyme, maximally stime
ulated at 3 X 1077M calcium is referred to as the hlgh affinity

Mg+Ca-nTPase due to 1ts higher affinity for calclum. The enzyme
maximally stimulated at 3 X 10" calclum is referred to as the

low affinity Mg+Ca-ATPase. qther values reported in the literat-

ure lndicate that the high afflnlty MgtCa~-ATPase 1s optimally
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stimulated from 10 to 50 uM calcium and the low affinity
Mg+Ca-ATPase anywhere from 0.1 to 0.5 mM calclum (33,34,78,43,32).
The wide variation of the reported values is attributed to the
different methods used for the isolation of the RBCiif'e Generally
the high affinity Mg+Ca-ATPase has a specific activity of 0.3
to 0.5 pmoles Pi mg=lhr=! compared to a specific activity of
0.6 to 0.88 pmoles Pi mg~lhr™! for the low affinity Mg+Ca-iTPase.
The presence of two lig+Ca-ATPases has not been shown previously
in whole red blood cells or in resealed ghosts. The finding of
two Mg+Ca-ATPases in RBCMF further complicates studies attempt-
ing to relate active calclum transport and Mg+Ca-ATPase in re-
sealed ghosts. Few kinetlc studies have been done on these
enzyme systems.’ The properties which have been determlined are

as follows:
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Fig.4 (Ca*t*)-dependent ATPase activity in human red
cells.Each point represents the mean of four
experiments wlth the standard erroxr of the
mean (32).
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1. Ion requirements; Both high and low affinity lMg+Ca-ATPases
require magnesium. Optimal concentratlons of magnesium for
these enzymes have been estimated to be between 3 to 8 mM(33).:

2. Mg-ATP was shown kinetically to be the substrate for
high affinity Mg+Ca-ATPase (33). Calclum acts allosterlically
as a poslitive autosteric effector (33). Whether or not Ng=ATP
1s the substrate for low affinity Mg+Ca-ATPase has not been
determined.

3. Effects of other cations on Mg+Ca-ATPase activity; Both
strontium and barium have been shown to be activatorslof
Mg+Ca-ATPase (31). Strontium activates more strongly than
calcium, but has a lower affinity. Careful kinetic stﬁdles
were not done to determine which Mg+Ca-ATPase was activated by
barium or strohéium. but judging from the 16w affinity of these
cations, the lbw affinity Mg+Ca-ATPase is activated at least,
This flndinsiis'of'special interest since strontium is also
actively transpofted out of resealed ghosts, presumably by the
same system as calcium (27). |

Tﬁeré is evidence that Mg+Ca-ATPase 1n RBCMF is stimulated
by univalent cations in the order of Kﬂ&Naﬁ>Rb+ (30,36). Pot-
assium activates Mg+Ca-ATPase agtivlty approximately 100% by
a mechanism which is non-competitive with calclum {Fig. 5).

The presence of both magnesium and calcium 1s required for this
activation. Cesium and lithium were reported to have no stim-
ulating effect, indicating that the activation by potassium,

sodium and rubidium may not be due:just to a change in lonlic
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strength (36). However, in a study done by Schatzmann and
Rossi(30) 1lithium was shown to be about one-third as effective
as potassium in activating Mg+Ca-ATPase. Sodium and potassium
appear to act at the same site since no additional activation
occurs when these ions are added together (36).

Activation by Na+ or KV of Mg+Ca-ATPase occurs over a wilde
range of calcium concentrations (Flg. 6). Activation is still
apparent at 1 mM, indicating that low affinity Mgt+Ca-ATPase
activity is activated by these cations. Schatzmann et al, (30)
arbitrarily called the activity in the absence of added alkalil
metal cations alkali-cation-independent lg+Ca-ATPase activity
and in the presence of alkall metal cations, alkalli-cation-
dependent Mg+0a;ATPase activity. Since alkalli metal ions do
not have any effect on active calcium transport in resealed ghosts,
Schatzmann et al, {30) proposed that the extra actlivity seen
in the presencé of alkall metal catlons was due to ah uncoupling
action of calclium on the Na,K-ATPase responsible for the trans-
port of sodium and potassium. This hypothesis however, seems
very unlikely. Bond and Green (36) felt that thls effect may
be a trivial property of RBCMF. For 1nstan¢e, these ions may
expose latent Mg+Ca-ATPase activity by a membrane effect expos-
ing the catalytic site of the enzyme. A similar effect is
observed in RBCMF.by freeze-thawing or detergents (34).



18

T (] T L T Lg

1.0
£
2
o
-
a 0.8
o
€
L 086
Q.
-~
s 04
a
&
* 02
©°
€ 002 004 OO% 008 WO
ER (Ca?*), mM

2 N . i 1

0 002 004 005 008 010 032
[Ca?°], mM
Fig.§ ATPase activity as a function of Ca?* concentration in the presen‘ce and absence of So mM
K+. Ordinate: total ATPase activity. The Ca®* concentration given on the abscissa is the concen-
tration added, without correction for binding by ATP or by membranes. The zero Ca?- points
may be slightly high, since EGTA (ethyleneglveol-bis(f-aminoethyl ester)-N,N’-tetraacetic acid)
was not added to chelate possible traces of endogenous Ca?*. The inset shows a Woolf plot of
the data, from which A, values were obtained. Other conditions are given in METHODS (36),

0.8
°r .
o.sl E 80 mu x* 4':
° 3
o
£ o.al J
s 4 3
5~ ﬂ/—JS \] Y
2 c 0.3 f, . 80 aM N J
— .
2c ] -
22 ozl '
o
oL
a 2, 3
30; O_Iah
o E s
g=
T as A
1. 2 3 - s 6 v . 9 10 300

Ca? concn. (M)

Fig.6 Effect of Na+ and K¥ on aTPase activity in
hemoglobin free red blood cell membranes
prepared by freezing and thawing (30),



19

;nhibitors Effecting Mg+Ca-ATPase ind Active Ca2+ Transport
In BRed Blood Cells

In recent years numerous investigators have sought a
speciflc inhibitor of Mg+Ca-ATPase, as ouabaln has been inval-
uable in “elucidatlng the mechanism of Na,K-ATPase. A specific
inhibltor of HNg+Ca-ATPase and active calcium transport would
be useful in providing direct evidence that calclum transport
and Mg+Ca-ATPase are ilntimately associated. A number of drugs
have been tested on this system. Among those without any
effect on MgtCa-ATPase or calcilum transport were oligomycin and
ouabaln (1,11) which are specific Na,K-ATPase inhibitors (37).
Caffeine (1lmg/ml) had no effect on active calcium transport in
resealed ghosts (12).

A number of agents have been shown to be non-speciflc
_inhibitors of Mg+Ca-ATPase. HMersalyl (5.0 X 10 'M)(11) and
ethacrynic acid (10°4M) (23) both inhibit ATP dependent calclum
transpoft In resealed ghosts. However, these drugs have also
been shown to equally inhibit Mg+Ca-ATPase and Na,K-ATPase
activity in RBCMF in a concentration range of 107° to 1073 (5).
Ethacrynlc aclid and mersalyl are thought to inhibit enzyme act-
ivity by binding to protein sulfhydryl groups (5). The lantha-
nides have been found to be useful agents for studying calcium
interactions since they possess a similar radil to calcium but
have much higher affinities for anionic sites due to.a higher
charge density (56). Holminium and praesodynium inhibit
Mg+Ca~ATPase activity in RBCMF and active calcium transport in

resealed ghosts, with an 150 of approximately 10'4M (39).
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However, these ions are non-specific as Na,K-ATPase and
Mg-ATPase actlvitles were also 1nhibited. Lanthanum has

been useful for establlishling the mechanism for calcium trans-
port in mitochondria (70).

Watson and Vincenzl (40) recently reported that the inorg-
anic dye ruthenlilum red selectlvely inhiblts lMg+Ca-ATPase
activity In RBCMF. Ruthenlum red has prevliously been shown
to react with carboxyl and sulphate groups on mucopolysacchar-
ides (41). Table II 1llustrateé the effect of ruthenium red
on the ATPases of RBCMF. Mg-ATPaSe and Na,X-ATPase were not
significantly inhlibited by ruthenium red. However, both the
alkall dependent and the alkali,ihdependent ffactlons of
Mg+Ca-ATPase were almost completely inhibited by 6 X ;oﬁsm

ruthenium red.

Table II
Effects Of Ruthenium Red On ATPases Of Erythrocyte ilembranes (40)

(Values are expressed as pmoles of inorganic phosphate liberated
per mg protein in 1 h.)

ATPase activity

ATPases Ruthenium red concentration
(M):
0 6°10~° 610~
Mg+Ca-ATPasge 0.88 0.55 . 0.09
alkall-cation-dependent 0.32 0.22 0.04
alkall-cation-independent 0.56 0.33 0.05
Na,K-ATPase 0.28 0.26 0.25
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This study did not distingulsh between inhlbition of high

.or low affinity Mg+CasATPase as 0.12mM calcium was used in
all studies. Consildering the hi&€h concentration of calcium
used, the low affinity MgtCa-ATPase, at least, was lnhiblted.
The mechanism of action of this inhibitor also remalns undet-
ermined as the concentration of ATP, calclum and magnesium was
not altered 1n ilts presence, The site of action of this drug
also remains unknown, as the studies were done on RBCMF,
However, ruthenium red shows potentlial as a tool for studying
active calcium transport, since this drug has been shqwn to
block actlve calcium transport in mitochondria (42).

e+ specifically activ-

Bader (43) recently reported that Mn
ated low affinity Mg+Ca-ATPase, without.affecting the high
affinity Mg+Ca-ATPase in RBCMF. DBader also reported that low
affinity Mg+Ca-ATPase activity Wwas selectively inhibited by

2+

: - +
10-3M methylhydroxylamine and 5.0 X 10 5M Cu2 (EGTA: Cu”® at

a ratio of 10:1). This was the first report of selective inhib-
ition of a Mg+Ca-~ATPase. However, Cu2+ is a sulfhydryl group
reagent, which renders membranes permeable to cations. There-
fore this inhibitor would not be useful to study active Caz+

transport in resealed ghosts or in whole red blood cells.

Actlive Calcium Transport In Other Tissues

Besides human erythrocytes,cultured He La cells (44) and L
cells (45), ATP dependent calclum transport across the plasma

menbrane of other tlssues has not been demonstrated. However,
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a calclum or magnesium stimulated ATPase has been located in
the sarcolemma of skeletal muscle (46), cardiac muscle and in
guinea plg ileum (48). Hurwitz (48) suggests that ATP depend-
ent active calcium transport may be important in lowering the
intracellular concentration of calcium in guinea plg lleum,

due to the poorly developed sarcoplasmic reticulum_ln this
tissue. His hypothesis is supported by the fact that the ileum
relies heavily on extracellular calcium for contractile activity.
There is some evidence that calcium extrusion from squld axon
may be ATP dependent (17) but the Na-Ca exchange mechanism may
be more important across this plasma membrane.

There l1s some evidence that the Na-Ca exchange mechanism
evident in nerve, may also operéte in skeletal muscle (49),
cardlac muscle (50) and smooth muscle (51). The requirement
of external sodlﬁm for calplum efflux appears to be véry,Specific,
since externai lithldm. choline or potassium cannot substitute
for sodium. It has been estimated that two to three external
sodium ions afe_exchgnged for one internal calcium ion by thils
mechanism (17). ”The direction of the Na-Ca exchange mechanism
can be reversed in direction in nerves bathed in solutions def-
icient in extefnal sodium., Other features of the Na-Ca exchange
mechanism in cyanide polsoned squid axons are shown in Table III,
taken from Baker (17). Cyanide was added in thls preparation
to release calcium from mitochondria and thus prevent interfer-
ence of calclum uptake by mitochondria when making calcium flux

measurements.
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Table III

Features Of The Na-Ca Exchange Mechanism In Cyanlde
Polsoned Sqaid Axons(17).

1. It is temperature sensitive and has a « of about three,
2, It 1s insensitive to high concentratlions of the cardliac
glycoside ouabain.
3. It is inhibited by externally applied lanthunum lons (80).
4, It is very dependent on the lonic composition of the
' external medium, Removal of external calclum reduces
the efflux to a variable extent., Baker and Crawford (81)
found no effect whereas Blaustein and Hodgkin (82) found
that removal of external ca}cium reduced the efflux to
about half (le. 2 pmoless/cm“sec to 1 pmole/cm®séc). In
the absence of external calcium, complete replacement
of sodium by lithium,potassium, cholline or sugar causes
a further reduction of efflux to ,about one-twentieth of

its original value, 0.1 pmole/cm‘sec.

Nerve and muscle cells also maintain a low intracellular
calclum concentration by means of the sarcoplasmic reticulum
and mitochondria (17,54). Both of these structures can accum-
ulate calcium by an active ATP dependent system. Estimates of”
the calcium sequestering capaclty of sarcoplasmic reticulum
in vitro suggests that this membrane system ls able to lower

the cytoplasmlic calcium concentration below the in vivo level

required for contraction (approx. 10'6M)(54). It has also been
shown that the speed of calcium accumulation by sarcoplasmic
reticulum is compatible with the time of tension decay in

muscle (52). Calcium is accumulated against an activity grad-
lent by an actlve transport system which is coupled to a
Mg+Ca-ATPase (53). This enzyme has a low Km for calcium, (approx.

10-7M) and a requirement for magnesium, optimal at 5.0 mM., A
number of models describing this transport system have been

reported (54). Since this transport system shares a number of
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properties to the MMg+Ca-ATPase In human erythrocytes, a scheme
taken from Martonosl (54) showing the molecular mechanism
relating ATP hydrolysis to calclilum transport is outlined as
follows:

l. E+ATP .——— E-ATP

2. E=-ATP+2Ca -~ B ATP
Outside

3¢ E— ATP e E®VP +ADP

4. £#0 P = E¥+P, + 2Ca Inside

Ca 1

5. E¥* " E

E=enzyme, E#*=the conformationally;altered form of the carrier.

In this scheme ATP binds to the enzyme in the absence of calecium
(step 1), which promotes the binding of calcium (step 2). The
bound calcium then actlvates the phosphate transfer from ATP
leading to the formation of a phosphoprotein intermediate

(step 3)e The carrier than undergoes a conformational change
with the translocation of calcium from the outer to the inner
surface of the sarcoplasmic reticulum, Release of calcium from
this low affinity carrier (step 4), followed by hydrolysis of

the phosphoprotein completes the cycle (step 5).
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METHODS AND MATERIALS
Outdated citrated human blood (0 positive) was obtained
from the Canadian Red Cross and stored for not more than two

weeks at 590. Blood was used within twenty days of collection.

Preparation Of Red Blood Cell Ghosts

Red blood cell (BBC) ghosts were prepared by a modificat-
lon of the procedure of stepwise hemolysis outlined by Schrier
(57). Whole blood (150 ml) was suspended in one volume of 0.155
M NaCl in elght 40 ml polypropylene centrifuge tubes. The tubes
were centrifuged at 400 for ten minutes at 2,000 X g 1in a ref-
rigerated centrifuge‘(eg. International model, B-20, 870 angle
head). The supernatant and white buffy layer were removed by
‘suction. Considerable care was taken to remove the top buffy
coat as completely as possible, despite a considerable loss of
red cells (approx. one-third). 'The‘red cells were resuspended
with a gléss stirring rod and washed agaln in the same tubes
with ten volumes of 0.155 M NaCl with subsequent removal of
the supernatant and any remailning white cells. For a summary
of the preparation, loading and assay procedures to be outlined
refer to Table IV, _

The cells were then partially hemolyzed by suspehsion in
ten volumes of 0.08 M NaCl containing 1.0 mM EDTA (disodium
salt) and centrifuged at 8,000 X g for ten minutes. Temperature
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Table IV

Preparation Of RBC Ghosts, Loading, And Assay Procedure

I Preparation:
l. Wash with 0.155M NaCl (twice)
2, 0.,08M NaCl + 1.0mM EDTA
3. 0.06M NaCl + 1.,0mM EDTA
4, O0.04M NaCl + 1.0mM EDTA
5. 0.015M NaCl + 5,.0mM TRIS-MALEATE, pid 7.1

II Loading:
1.0ml ghosts + 3.0ml of solution
containing; 4.0mM NapATP, 4,.0mM Mgciz,
10mM TRIS, pH7.l1 and varlous

concentrations of CaCl2

III Resealling:
l. Add 0.2ml of 2,876M NaCl
2, Stand at R.T., 10 min,
3. Wash with 2,0mM MgCl,, 0.125M NaCl,
and 20mM TRIS-MALEATE (fwice)
4, Suspeind to 3.0ml in assay medium

(as above) + 1mM CaCl,
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was mailntalned at 2-4°C during hemolysls procedures to ensufe
that the ghosts did not reseal lmmedlately after hemolysis (58).
EDTA was included in the hemolysis medlium to remove endogenous
divalent metal catloné such as calcium and magnesium. Chelat-
ing agents have also been found to be useful in facilitating
the removal of soluble enzymes and hemoglobin from the cellular
interior (59) without affecting resealing (58).

The ghosts were then suspended in ten volumes of 0,06 M
NaCl containing 1.0 mM EDTA and were centrifuged at 13,000 X g
for ten minutes at 2-4°C. At this step the cells lost a consid-
erable amount of hemoglobin as evidenced by a very dark supernat-
ant. A much higher centrifugal force is required at this step
to spin down the red cells as the cells have become swollen and
therefore have much less density than the whole HBCQ The ghosts
were hemolyied in ten volumes of 0.04 M NaCl containing 1.0 mM
EDTA and centrifuged at 15,000 X g for ten minutes at 2-4°C,
The ghosts were finally resuspended in ten volumes of 0.05 M
NaCl and 0.005 M Tris-Maleate (pH 7.1) and centrifuged at 20,000
X g for ten minutes at 2-40C. The pellet at this stage was pink
in color. The péllet wasialso viscous in nature and could be
poured into a 40 ml polypropylene centrifuge tubes. The solid
red button remaining in the bottom of the centrifuge tubes
consists of cells which would not hemolyze under these conditions
or type 1II ghosts (58) and was dlscarded. These ghosts were
used within fifteen minutes in the loading step.
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Loading Procedure

1.0 ml of.ghosts (approx. 108 ghosts or 5.0 mg of membrane
protein) was pipeted into a 15 ml polypropylene test tube (cali-
brated ) containing 3.0 ml of solution.ﬂo give a final concen-
tration of 4.0 mM Na,ATP, 4.0 mM MgCl, and i0.0 mi Tris-maleate
(pH 7.1 ).Unless otherwise stated ,the concentration of calclum
was varied in this medium. When required, monovalent cations
and drugs were also Included. The tbes were allowed to stand
five tq ten minutes to allow the lons to equilibriate before

-]
resealing at 2-4 C (12).

Besealing And Washing Procedure

Partially hemolyzed red blood cell ghosts can retain thelir
original shape and permeability by restoration of isotonicity
(20,21)., The RBC ghosts were resealéd by the additlion of 0,2
ml of 2.876 M NaCl solution. The tubes were well shaken and
placed 1n a water bath at room temperature for exactly ten min-
utes., Restoration of isotonicity and the increase in temperature
both facllitate resemwling (58). Ghosts not allowed to stand for
as long as ten minutes at room temperature were found to take
up less calcium as measured by atomic absorption spectrophotom-
etry since they did not reseal as completely and calcium was
lost durlng the washing. The tubes were returned to the ice bath

after ten minutes.
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The resealed ghosts were washed with 5.5 ml of an isotonic
solution containing 125.0 mM NaCl, 2.0 mM MgCl, and 20,0 mM
Tris-Maleate (pH 7.1) at 5,000 X g for ten minutes at 2-4°C,
The resulting pellet forms a compact pellet at thls stage.

The resealed ghosts were washed once more in 10.0 ml of the
above solution. The clear supernatant was aspirated off leaving
approximately 2.5 ml of solution. In most experiments 0,1 ml

of 30 mM CaCl, was added to the tubes to glve a final concent-
ration of 1.0 mM calcium. BRequired amounts of ruthenium red

and other drugs were also added at this stage. The resealed
ghosts were finally brought to a final volume of 3.0 ml in

the previously graduated test tubes with the addition of the

isotonlc washing solution.

Incubation Procedures

In all experiments thé reaction was started by immersing
the tubes in a shaking water bath at 37°C. A short delay of
three minutes in reaching the temperature of 3?°C was inevit-
able in these experiments as was evident 1n the efflux measure-

ments (Flgo 13) .

Determination of ATPase Activity

©© ATPase activity was determined by measuring the inorganic
phosphate released from ATP by a modification of the method
of Fiske and SubbaRow (60,63). The procedure is as follows:
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The enzyme reaction was terminated by the addition of 1.0 ml

of cold silicotungstic acid (8.0%) in perchloric acid (1.2 M),
usually after a thirty minute incubation perilod. The tubes were
placed in ice, to minimize ATP hydrolysis, for at least one
hour. The tubes were then centrifuged at 20,000 X g at O-boc

in a refrigerated centrifuge (eg. International model, B-20,

874 angle head). 3.0 ml of the supernatant was transfered into
a second test tube (eg. 20 X 150 mm) containing l.4 ml distilled
water and kept in ice. At zero time, 0.4 ml of molybdate reagent
was added followed immediately by the addition of 0.2 ml of
aminonaptholsulfonic acld reagent and stirred on a vortex for
fifteen seconds. The color was allowed to develop for thirty
minutes at foom temperature. After thirty minutes the color
was read in a spectrophotometer (eg. Coleman-Hitachi 124) at

660 nm against a distilled water reference in a 1.0 cm light
path cuvet. KHZPOu (analytical reagent) was used as the

primary standard.

ATPase actlivity was found to be linear up to thirty minutes
in resealed ghosts (Fig. 7). Mg+Ca-ATPase activity was deter-
mined by measuring the difference in ATPase actlivity in the abs-
ence and presence of calcium in the loading medium. Since the
ATPase actlvity in the absence of added calclium can not be
estimated (eg. ghosts do not reseal under this condition) the
activity 1n the absence of added calcium was estimatéd by extrap-
olation of the calclum actlvation curve to zero.:calclum.

Na,K-ATPase activity was determined by measuring the activity
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in ghosts resealed with NaCl (2,876 M) with the addition of
external potassium (0-15.0 mM). Ouabain (0.1 mM) abolished
the activity stimulated by external potassium.

Na,K-ATPase and Mg+Ca-ATPase activity was reported as
pmoles of Pi released from ATP per mg of membrane protein per

hour (pmoles P mg'lhr‘l).

i

Determination Of The Veloclty Of Calclum Transport .

Calcium transport or efflux was measured as the change in
cellular calcium with time at 3?°C. The incubation was termin-
ated by the addition of 6.0 ml of an ice cold solution contain-
ing NaCl (119 mM) and lanthanum (6.0mM). The tubes were immed-
iately placed in a ice bath. LaClB was included in tbis solution
to diSpléce loosely bound external calcium and to inhibit the
calcium transport system (83). Thls procedure was invoked 1in
order to obtain a more accurate determlnation of intracellular
calcium and calcium tightly bound in the membrane. In practice,
little difference was found when the ghosts were washed with lce
- ¢cold NaCl solution (0.155 M) alone. The tubes were centrifuged
for ten minutes at 5,000 X g at 2-400. The supernatant was rem-
oved by aspiration and the pellet was washed once more in 6.0 ml
of the same solution.

Calcium was extracted from the pellet by a slight modiflcat-
ion of the wet ashing procedure reported by Sparrow et al.(61).
Briefly, 1.0 ml of 3.0 M trichloracetic acld: glacial acetic

acid, 1:1, was added to dissolve the pellet. The pellet was
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resuspended with a vortex mixer and the tubes were placed for
fifteen minutes in a water bath at 70°C. After this time, 2.0
ml of distilled water was added. The tubes were mixed by
vortex and were placed in the water bath for ten mlnutes at
?O°C. They were then allowed to cool to room temperéture.
allowing coagulation of the protein. and made up ﬁo a final
volume of 5.0 ml with 30.0 mM LaClB (approx. 2.0 ml) in a
callibrated test tube. LaC13 was added to prevént interference
from phosphates and lnorganic lons in preparation for atomic
absorption spectrophotometry. The precipltate was removed by
centrifugation at 7,500 X g for ten minutes. The concentration
of calcium in the protein free-supernatant was determined by
measuring the absorption at the 4227 Aollne from a hollow
cathode calcium lamp on a Varian-Techtron atomic absorption
spectrophotometer, model AA-5. A nitrous oxide-acetylene flame
was used.' A lamp current (hollow calcium cathode lamp) was
set at 4.0 mA and the slit width at 125 p. Standard CaCo04
solutions were prepared from standard reference solutions
obtained from Fisher Scientiflc Company. & sténdard curve

obeying Beers law was obtalned between 10-100 pM calcium,

Protein Assay

The concentration of protein was determined by the method
of Lowry (62) for 1nsqluble proteins. Bovine serum albumin
(Sigma, 83X recrystallized) was used as a standard. Standard

curves were linear from 50 to 250 JoTs of protein when read at
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500 nm. 1.0 ml of the hemoglobin free ghost preparation was
found to contain 4.4 mg of membrane protein.

Hemoglobin free ghosts were prepared by washing the ghosts
three additional times in 0,015 M NaCl and 0,005mM Tris-
Maleate (pH 7.1) for ten minutes at 20,000 X g. Temperature
was controlled at 2-4°C during these washings. No measurable
change in the specific activity of Mg+Ca-ATPase between hemog-

lobin containing and hemoglobin free ghosts was obtained.

Washing Procedure

During the course of this work, 1t was found that the method
for washing the‘polypropylene test tubes was very critical for
obtaining maximal ATPase activities. Therefore the following
washlhg précedure was adopted. The test tubes were soaked
overnight in tap water containing 0.5% Liguinox detergent, The
tubes were rinsed with tap wafe: and soaked in 104% HNO3 for at
least one hour in 5.0 mM EDTA (tetrasodium salt). The tubes
were well rinsed with tap water and then rinsed ten times with
glass distilled water and allowed té dry in air.

A loss of low affinltyIMg+Ca-ATPase activity results in
test tubes soaked in 0.5% Liqﬁinox alone, presumably due to a

build up of detergent in the tubes.
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RESULTS AND DISCUSSION

Properties Of The Red Blood Cell Ghost Preparation

Of fundamental importance to thls study was the prepar-
ation of a red blood cell ghbst population which could be
made !leaky’ and then resealed to regain the original cation
permeabllity characteristics of the whole cell. It was also
important that the activity of the varlous ATPase systems
were not destroyed durlng the preharation. In previous
studies, Schatzmann et al. (12) and others (26,27) prepared
ghosts by a method involving a one step hemolysis, followed
by reséaling. This procedure did not allow a complete removal
of endogenous enzymes which can synthesize ATP (70). Further-
more, endogenous divalent metal cétions and ATP were not
completely removed by thls method. Therefore in order to
reduce the endogenous cations and ATP concentrations in these
preparations, the cells were preincubated at 37°C for 17 hr
in glucose free medium (12) or were incubated in the pres-
ence of lodoacetate (26). These two methods are undesirable
since some destruction of the plasma membrane must occur as

evidenced by hemolysis during incubation.
In this study, therefore, a modification of the procedure

of stepwise hemolysis as outlined by Schrier (57) was adopted
as described in the Methods. EDTA (disodium salt) (1.0 mM)
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was included in the washing solutlions to insure removal of
M32+ . Ca2+, ATP and soluble enzymes (74). Care, however, had
to be taken in using EDTA in membrane preparations, since
under certain conditions EDTA solubllizes membrane bound prot-
eins (67). Furthermore, total removal of membrane divalent
cations, M32+ and Ca2+ ’ couldAresult in a ghost population
which may not reseal, as these ions are thought to be struct-
ural components of the plasma membrane (67).

Under the conditions used in this study (see Methods),
the preparion remailned relatively impermeable to divalent
and monovalent cations and .retalned ATPase activity. Evid-
ence supporting the viability qf this preparation for trans-
port studles was as follows:

l. Under the light hicroscope, the ghosts regalned
thelr original biconcave dlsc shape after resealing
(magnification 500X).

2. The specific activities obtained for Na,K-ATPase
and Mg+Ca-ATPase were comparable to those reported in other
studies (40,65). The Na, K-ATPase and Mg+Ca-ATPase activities
were shown to be asymmetrlcally stimulated by external potas-
sium and internal calcium, respectively. Such character-
istics can only be demonstrated in cells with an intact plasma
membrane.

3. A loss of cellular calclium against a concentration
gradient was demonstrated (Flg. 13), whereas no loss of cell-
ular calcium occurs in frozen red blood cell membrane fragments

used in our studlies. In addition, no change in the cellular

concentration of magnesium occurred in the resealed ghosts,
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indicating that tne membrane is also not freely permeable to

magnesium,

4,No visual loss of hemoglobin occurred during washing

subsequent to resealing.

Ion Requirements For Resealing

Maizels et al.(75),in an early study ,reported that calcium
was an essentlal requirement for maintainihg red blood cell
membrane permeabillty..Recently, however, Bramely et al.(76)
claiﬁed magnesium could substitute for calclum‘ln resealing,
though less effectively. However, in the presént study,
incluslion of at least 0.05 mM calcium in the loading medium
was found to be an absolute requirement for resealing. This
was demonstrated in an experiment where ghosts were loaded in
a medium containing no added calcium,Afollowéd by the normal
procedure for resealing. Subsequent suspension of these ghosts
in a medium containing 1.0 mM calcium resulted in an uptake of
cellular calcium approximately equivalent to the values norm-

l)’

On incubation at 37°C. loss of cellular calcium was observed.,

ally obtained with !'leakyighosts'! (i.e. 0.06 Pmoles Ca2+mg'

This result clearly indilcates that the ghosts had not resealed
in the loading medium devold of calciunm and suspension 1n a
medium containing calcium allowed entry of calciunm ihto the
cell interior and subsequent resealing. The presence of 4.0 mM
magnesium was thus not sufficient for cémplete resealing in

these preparations. The difference between these results and
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the results reported by Bramely et al. (76) may be due to
the use of EDTA in our studies, which reduces endogenous

calcium to very low levels.

Na,K-ATPase Activity In Resealed Red Blood Cell Ghosts

Investigation of Na,K-ATPase activity was undertaken to
determine whether the integrity of this transport enzyme had
been preserved. In ghosts loaded with 0.5 mM calclilum and 0.1
mM EGTA, linearity in ATP splitting was observed for thirty
minutes (Fig. 7). Deviation from linearity occurred after
thirty minutes, presumably due to a depletion of ATP. .
Calcium was included 1h the loading medium to facilitate
resealing of the ghosts, and did not appear to inhibit the
Na,K-ATPase activity. Thirty minutes was therefore chosen
as the incubation time in subsequent Na,K-ATPase experiments,
Figure 7 shows that 0.2 mM ouabain, when applied externally,
- reduced total ATPase activiﬁy from 0.525 to 0.36‘pmoles Pi

1hr"l. The difference accounts for the Na,K-ATPase present.

g™
In an experiment to determihe whether Na,K-ATPasé could
“be actlvatedvasymmatrically. the concentratlion of potassium
was varied externally in ghosts resealed with NaCl (Fig. 8).
Maximal stimulation of ATPase activity occured ;t 8.0 mM
external potassium. In the presence of 0.1 #iM external ouabain
the ATP splitting stimulated by external potassium was abol-
ished, » | _
Since the total ATPase uctivity of the ghosts in the pres-

ence of 0.1 mM ouabaln was eyual to the activity 1n the absence
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Figure 7. Time course of ATPase activity in the absence of external

ouabain (QO) and in the presence of 0.2 mM external ouabain

. (@®).The concentration of calcium in the loading medium was

0.5 mM,
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of added potassium, no Na, K-ATPase actlivity was present
in ghosts resealed with NaCl, unless external potassium was
added. In future determinations of Mg+Ca-ATPase activity,
interference from ATP splitting due to Na,K-ATPase in cells
resealed with NaCl would not be expected, since external
potassium was not used.

Addition of 15.0 mM potassium in the loading medium,
in the absence of external potassium, did not increase the
basal rate of ATPase activity (0.3 pmoles mg‘lhr°1); indicat-
ing that.only external potassium activates Na, K-ATPase,
Addition of 0.1 mM ouabain in the loading medium did not
inhibit stimulation due to external potassium. These two
findings demonstrate that both oubain and potassium have
 external binding sites, in agreement with results reported
by previous workers‘(bj). The result also supports the view
that the cells:have‘résealed. gince internal potassium does ::
not have access ﬁo the outside of the membrané;

In ihe presence of 1.0 mM external calcium (Fig. Y),
the éctivation of Nua,K-ATPase by external potassluﬁ was
essentially unchanged. The speclfic activity of Na,K-ATPase
(at 10.0 mM external potassium) was approximately 0.35 pmoles
P1 mg"lhr"1 in the presence or absence of 1.0 mM external
calclum, Therefore externai calcium does not affect the
specific activity of Na, K-ATPase. |

As a comparison, the_speclfic activity of Na,K-ATPase
obtained in a preparation of frozen RBCMF by Watson et al.(40)

1

was 0.28 Fmoles Pi mg hr~!., The maximal value obtained in

this study was 0.35 pmoles Pi mg-lhr'le
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Figure 8. Activation of Na,K-ATPase activity by external potassium in

the presence of 1.0 mM external calcium (MB),zero external
calcium (QO) and 0.1 mM external ouabain (@).The concentration
of calcium in the loading medium was 0.5 mM.Other conditions
were standard.Each point represents the mean of two experiments.
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Mg+Ca-ATPase Activity In Resealed Red Blood Cell Ghosts

Variation of the concentration of calcium in the loading
medium led to a marked increase in ATPase activity (Fig. 9).
Two peaks were obtained, posslbly representing two calcium
stimulated Mg+Ca-ATPases. The activity was corrected for
Mg-ATPase and non-enzymatic hydrolysis as in the Methods.

The finding" of two Mg+Ca-ATPases in resealed ghosts was in
agreement with earlier studies on frozen RBCMF, where the
high affinity Mg+Ca;ATPase was optimally activated by approx-

5 to 10'6M calcium, and a low affinity Mg+Ca-ATPase

5

imately 10~
with optimal activation at approximately 10 - to 10‘4M calcium,'
In resealed ghosts (Fig. 9), high affinity Mg+Ca-ATPase and

low affinity Mg+Ca-ATPase were maximally stimulated by 0.25mM
and 5.0mM calcium in the loading medium, respectively. The
'marked differences in affinity for calcium between ERBCHMF and
resealed ghosts led to the conclusion that the concentrations

of calcium in the loading medium were much higher (~ 10 fold)
than the actual free intracellular concentrations of calcium

at the beginning of the incubation. For instance, ;n ghosts
loaded with 5.0mM calcium, there may not be an efficlent 1:1
loading ratio between the loading medium and the cell interior
(38). Furthermore, some of the loaded calcium may have been
lost during the resealling procedure, which required én incub-
ation for ten min. at room temperature (see Methods). A.consid-

erable amount of calcium may be'chelated by blndlng sites that

are not available in RBCMF, espec;ally since such sites may
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Figure 9. Effect of varying the concentration of calcium in the
loading medium on Mg+Ca-ATPase activity.Each point represents
the mean of three experiments(+ standard errors).
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have been depleted by EDTA. Therefore the concentrations

of calcium indicated on the abclissa are not true intracellular

concentrations of calclium, but represent a relative intra-

cellular concentration of calcium added in the loading medium,
An Eadle plot (77) of the calcium activation data, revealed

two strailght 1lines (Fig. 10). The Vmax and the calcium dissoc-

lation constant for the low affinity Mg+Ca-aTPase were calcule--

1 and 1.23 mM respectively.

1

ated to be 0.690 pmoles Pi mg-lhr'
A Vmax and Ka of 0,340 pmoles Pi mg~ nr™! and 1.26 X 107N

were obtalned for the high affinity Mg+Ca-ATPase. Values

reported by Bader (78) for the speciflc activities of Mg+Ca-ATPases
in BBCMP were 0.5 and 0.8 pmoles PL mg™ hr™» for the high and
low affinltj Mg+Ca-ATPase, respectively. The slightly lower
values reported here for the resealed ghosts may be due to
assaylng at slightly less than optimal conditions. There are
preliminary indications that an increase in the concentration
of magnesium in the loading medium willl further enhance

Mg+Ca-ATPase activity in this preparation.

'~ The Effect Of External Divalent Cations On ATPase detivity

Previously, Schatzmann and Vincenzl (12) reported that
only i1ntracellular calcium stimulated ATPase activity in
resealed ghosts, whlle external calcium had no significant
effect. However, external divalent cations were found to sign-
ificantly stimulate ATPase in thls ghost preparation (Fig. 11).

The ordinate represents the increase i1n ATPase activities over



Figure 10.

Eadie plot of calcium activation of
Mg+Ca-ATPases in ghosts.,
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Figure 11. The effect of external divalent cations on ATPase activity.
The ghosts were loaded with 0.5 mM Caicium and 0.4 mM EGTA.
Nther conditions were standard. Ca (O), Mg (@).
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basal levels obtalned in the absence of added external dival-
ent cations. The maximal increase in ATPase activity occured
at 3.0 mM external calcilum, with an increase over basal activ-
1ty of 0.140 pmoles Pl mg‘lhr'l. External magnesium was only
about one-half as effective as external calcium in increasing
ATPase activity, with a maximal increase of 0.06 Pmoles Pi mg‘l
hr~t,

Since increasing the external potassium concentfation
(in the presence of 0.1 mM ouabaln) did not affect lig+Ca-ATPase
activity, stimulation of ATPase activity appears to require
divalent metal cations.

To determine 1f magnesium and calcium were entering the
cell or were stimulating an external ATPase such as Na,K-ATPase
or Mg+Ca-ATPase. the concentration of calcium was varied in
the loading medium of resealed ghosts suspended in external
medium containing zero calcium and 1.0 mM calcium (Flg; 12).
Since there is no apparent shift in the position of the calcium
activation curve in the presence of 1,0 mM calcium, external
calcium does not have access to the cellular interior. The stinm-
ulation Qust therefore be due to calclum acting on the external
surface of the membrane.

Since external calcium did not affect the Na,K-ATPase
activity as shown previously (Fig. 8) the extra ATPase activity
seen in the presence of 1.0 mM external calcium is not due
to stimulation of Na,K-ATPase at an external bindiné site.

The possibility that some ghosts were present which did not

reseal and were beilng activated is unlikely because of the hlgh
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Figure 12. Effect of varying the concentration of calcium in the

loading medium on Mg+Ca-ATPase activity in the absence

of external calcium (@) and in the presence of 1.0 mM
external calcium (Q).0.4 mM EGTA was included in the loading
medium.Other conditions were standard.Each point represents
the mean of at least two experiments.
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concentrations of divalent catlons required for this activation,
relative to the concentrations required to stimulate membrane
fragments.

It was speculated that calcium and magnesium may be replac-
ing endogenous magnesium and calcium removed from the membrane
by EDTA. The binding of calcium or magnesium may restore the

conformation Mg+Ca-ATPase, resulting in an increased activity..

The Effect Of Internal Calcium On Calcium Efflux

Qualitative studlies indicatling that the velocity of calcium
efflux 1is dependéﬁt on the internal concentration of calcium
have been previously reported in resealed ghosts (30) and in
whole red blood cells (7). Schatzmann and Rossi (30), however,
were unable to demonstrate a correlation between activation of
Mg+Ca-ATPase and the velocity of calcium efflux ih their
preparations of resealed ghosts.

In this study ghosts werelloaded with different concent=-
rations of calcium and resealed as in the Methods. The loss
of cellular calclum was determined as a function of time at 3700.
(Fig. 13). In ghosts loaded over the concentration range of
0.1 to 5.0 mM calcium, a rapid loss of cellular calcium was
apparent. In most of the ghosts an equilibrium level of cell-
ular calcium was reached within ten minutes. The concentration

of calcium in the ghosts at time zero was directly proportional
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Figure 13.

Time (min)

Changes in the concentration of cellular calcium with time.
Each point represents the mean of two to three experiments
(+ standard errors),except where no bars are shown. The
concentration of calcium in the loading medium was 0.5 mM
(0),1.0mM (&), 2.0mM (O), 3.0mM (@) and 5.0 mM (D).
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to the concentration of calcium in the loading medium. This
is shown in figure 14 where a plot of jmoles ca’?t mg-l against
the concentration of calclum in the loading medium yielded a
straight line.

Evidence was obtained showing that the loss of cellular
calcium was due to active calclum transport. For instance, if
ATP was not included in the loading medium, a loss of cellular
calcium over time d4id nbt oocur,';ndicatlng that the calcium
loss was an ATP dependent process. This finding also shows that
endogenous ATP was removed during the preparation of the ghosts.,
Furthermore, a ioss of cellular calclium occurred in ghosts
loaded wlth less than 1.0 mM calcium, showing that intracellular
calcium was transported against an electrochemical potential.

As the concentration of calcium in the loading medium
was lncreased from 0.1 mM to 5.0 mM,. there 1s an increase in
the steepness of the slopes of the curves, indicating that the
velocity of transport is increasing as the concenﬁratlon of
calcium is increased in the loading medium. The efflux curves
obtalned conform to a f;rst order process, in that for each
curve the velocity of efflux decreases exponentionally with
time. Thus a plot of log calcium content from the data in
figure 13 agalnst time‘ylelded stralght lines. From these
stralght llines extrapolated polints for the first ten mlnutes
were obtained. 1Initlal velocities could then be accurately
determined by replotting the data on a plot of concentration
of calcium against time. The first three mlgutes were not used

in the calculations of inltial velocities since thls time
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[Ca2+] in the Loading Medium (mM)

Relationship between cellular calcium and calcium in the
loading medium.Each point represents the mean of three
experimental determinations (+ standard errors).
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represents the time required for the tubes to warm up from
0°C to 37°C (see Fig. 13).

A plot of the inltlal velocities of calcium efflux against
the concentration of calcium in the loading medium yielded a
sigmoidal curve (Fig. 15, open circles). Increasing the concen-
tration of calcium from 0.1 mM to 1.0 mM 4id not result in a
large increase in the veloclty of calclum efflux., A more marked

stimulation of calcium efflux occurred in ghosts loaded with

concentrations of calcium greater than 1.0 mM. In contrast to
the activation of Mg+Ca-ATPase activity two peaks were not
obtained suggesting that there is only one calcium transport
system present. Flgure 15  indicates that calcium stimulation
of both ATPase actlvity and calcium efflux are parallel in the
calcilum concentration range of>1.0 to 5.0 mM, where the low
affinity‘Mg+Ca-ATPase is thought to operate., 4 comparison of
the curves in this regioﬁ indicates a stolchlometry of two
calcium ions transported per molecule of ATP hydrolyzed. At
calcium concentrations of less that 1.0 mM, where the high
affinity Mg+Ca-ATPase 1is thought to oberate, the stolchiometry
measured appears to be less than one, and the shapes of the
calcium efflux and the ATPase calcium activation curves do not
colncide. This suggests that at low calclum concentrations
there 1s an ATPasgse splitting (high affinity Mg+Ca-ATPase) which
is not coupled to calcium transport.

The stoichiometry of two (Ca:ATP) contrasts to the prev-
iously reported value of 0.77 (12), but agrees with the stoichio-

netry found for calcium transporf in muscle sarcoplasmioc
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Figure 15. Comparison of the velocity of active calcium transport

and Mg+Ca-ATPase activity as a function of calcium in the
loading mediumlhe Mg+Ca-ATPase data represents: the mean of
three experiments and the standard errors are smaller than

. the circles drawn.The calcium transport data represent the

mean of three determinations (+ standard errors),except where
no bars are shown,where points represent the mean of
duplicate determinations.
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reticulum (54). It seems more reasonable that the calcium
pump in red blood cells would also have a hlgh stoichiometry,
8ince less energy would have to be expendeﬁ in extruding a
glven amount of intracellular calclum.

The efflux data was plotted according to Hill (68) in
order to investigate the meaning of the sigmoidal shape of
the calcium efflux curve (Fig. 16). At least two straight
lines were obtained withtﬂill coefficlients (n) of approxime-
ately 0.39 for concentrations of calclium less than 1.0 mM
" and 1,0 for ghosts loaded with greater than 1.0 mM calcium.
This change in n values may mean that the calcium transport
system has a cooperative component. Binding of one molecule
of célcium may increase the éfflnity of the transport systen
for the binding of another molecule of calcium, at a thresh-
old value of approximately 1;0 mM calclum in the loading
medium, Changes in n values often reflect a change in the
confdrmaﬁion ot sbaclal arrangement of enzyme subunits. A sub-
unit structurelfor Mg+CA-BTPase in rednbiood cells has not been
reported. However, Kyte (71) recently reported that the Na, K-
pump in the plasmg membrane of renal cortex appéars to have a
subunit structure. 4An alternative explanation 1ls that the
break in the s;gpe of figure 16 may be_aue tp the presence of
two calclum actlivated calcium trunsport systems. The results
presented ubove do not rule.out this possibility. However,
results obtalned using ruthenium red (to be dlscussed later)

make this explanatlion less llkely,
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Hill plot of calcium activation of calcium efflux in

‘ghosts.v is the velocity of calcium efflux and V is the

maximum velocity of this efflux,as determined from a
Lineweaver-Burk plot.
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The Etfect Of Ruthenium Red On Mg+Cu-ATPase Activities

| In the previous section, a simlilarity between the shape
of the calcium activation curves for the low atflinlity Mg+Ca-
ATPase and the calclium transport system *és noted. Thls assoclation
was further investigated using ruthenium red as a tool. Watsen
et al. (40) reported that ruthenium red, an inorganic dye
used in stalining mucopolysaccharides, selectively inhibited
Mg+Ca-ATPase actlvity in RBCMF. No dlstinctlon, however, was
made between inhibition of high or low affinity Mg+Ca-ATPase
activity or whether calcium transport was also inhibited.

In this study ruthenlum red, added externally, was found
to inhibit Mg+Ca-ATPase in a dose dependent manner in ghosts
loaded with 3.0 and 5.0 mM calcium.(Fig. 17). In the ghosts
loaded with 3.0 andVS.o mM calcium, the inhibition curves were
found to be parailel;- Since the ISO Valﬁe of ruthenium red
at both concentrations of internal calcium was 0.2 mM, the
mechahism of inhibitlon would not be eipected to be competitive
wlth respect to calcium. This finding ls not surprising 1n
view of the faéts ﬁﬁich suggest that ruthenium red inhibits by
binding to anlonic sites on the outside of membranes. Calcium
has brevlously been shown here and elsewhere (12) to activate
Mg+Ca-ATPase on the internal surface of the membrane. Evidence
supporting an external binding site for ruthenium red are as
follows:

(1) A preincubation time was not required. Ghosts prein-

cubated in 0,2 mM ruthenium red for 0, 10, 20 and 30 minutes at
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Figure 17. Effect of ruthenium red in the external medium on

Mg+Ca-ATPase activity.The concentration of ruthenium red
was varied in ghosts loaded with 0.5 mM calcium (M),3.0
mM calcium (QO) and 5.0 mM calcium (@).
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2-47C. inhibited low affinity Mg+Ca-ATPase by 50%. If ruth-
enlum red was penetrating into the interior of the ghosts,and
then inhibiting Mg+Ca-ATPase, greater inhibition would be exp=-
ected for ghosts preincubated for longer periods of time,

(2) Ruthenium red does not penetrate through the plasma
membrane of intact cells as evidenced from electron microscopy
(72).

(3) Penetration of ruthenium red through the plasma
membrane of resealed ghosts would be very slow since ruthen-
ium red possesses a hexavalent positive charge (40).

Ruthenium red, thereforé, probably exerts 1ts inhibition
by binding to mucopolysaccharldes.on the outs;de surface of
the ghost. Binding at these sites may induce an unfavourable
conformational berturbation of the membrane bound Mg+Ca-ATPase,
leading to a reduction in the catalytlic efficlency of this
enzyme, Binding to an allosteric site would also favour a
non-competitive type of inhibition by ruthenium red. |

In ghosts resealed with 0.5 mM calclum 0.2 mM external
ruthenium red did not affect Mg+Ca-ATPase actlivity (Fig. 17).
In order to explain this‘analomods result, the concentration
of calcium was varlied 1n the loading medium, the ghosts were
resealed and suspended in a medium contalning 0.2mM ruthenium
red (Fig.18). Ruthenium red had essentially no effect on-
Mg+Ca-ATPase activity at concentratlions of calcium lower than
1.0mM, where the high affinity Mg+Ca-ATPase 1s considered to
operate. However, the low affinity Mg+Ca-ATPase was markedly
inhibited by ruthenium red. The % inhibition was dependent on
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Figure 18. The effect of ruthenium red on the activation of Mg+Ca-ATPase.

The calcium concentration in the loading medium was varied

in the absence of ruthenium red ( ®) and in the presence of

0.2 mM ruthenium red (O)in the external medium.Where bars

are shown the data represent the mean of three experiments

(+ standard errors).Other points represent the mean of duplicate
determinations.
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the concentration of calcium in the loading medium. For
example, ghosts loaded with 2.0 mM calcium were inhibited by
27% whereas ghosts loaded with 3.0 mM calcium were inhibited
by 42% (see Fig. 21). |

The Effect Of Ruthenium Red On Calclum Transport

Since ruthenium red was shown to selectively inhibit
low affinity Mg+Ca-ATPase, this dye showed promise as a tool
for investigating whether or not a Mg+Ca-ATPase 1s assoclated
with calcium transport. 1In ghosts loaded with 3.0 mM calcium,
external ruthenium red inhibited the velocity of active calclum
transport in é;dose dependent manner (Fig. 19). The 150 value
was estimated t6 5e~0.2 mM, which 1s the same value estimated
for the inhibitlon of the low affinity Mg+Ca-ATPase (Fig. 17).
Thus both the active calcium transport system and low affinity
Mg+Ca~ATPase have a.simllar affinity for ruthenium red.

The effect ofd;2“ mM external ruthenium red on the activa-
tion of active caiqiuﬁ transport by internal calcium was also
determined (Fig. 26). The pattern of ruthenium red inhibition
of calcium transport was essentially the Same as that on low
affinity Mg+Ca~-ATPase. The # inhibition by ruthenium red
increased with an increase in the concentration of calcium from
1.0 mM to 3.0 mM and then leveled off (Fig. 21). Thus the degree
of inhibition by 0.2 mM ruthenium red depends on the concentra-

tion-of calcium in the loading medium (see Fig., 20). There are
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Figure 19. Effect of ruthenium red in the external medium on the
velocity of active calcium transport in ghosts loaded
with 3.0 mM calcium.

62



Velocity of Active Calcium Transport (umoles Ca2+mg']hr’])

-—
E~
1

o
T

-
.
o -
',

63

~Figure 20.
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The effect of ruthenium red on the velocity of active
calcium transport.The calcium concentration in the loading
medium was varied in the absence of ruthenium red (@)

and in the presence of (.2 mM ruthenium red (O).The data
indicated by the open circles represent the mean of two
determinations. '
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Figure-21. The effect of ruthenium red (0.2 mM) in the external
medium on Mg+Ca-ATPase activity {O) and active calcium
transport (@) as-:a function of the concentration of
calcium in tne loading medium.
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two possible explanations for this behaviour. It 1s poss-
ible that there are more binding sites avallable for ruthen-
ium red at higher concentrations of internal calcium, since
Athe volume of the red cell is regulated by the internal concen-
tration of calcium (10). A more likely explanation becomes
apparenﬁ upon reexamination of figure 16, It was previously
noted that there was a change in the Hill coefficlients from
«39 to 1.0 as the concentration of calclum was varied in the
loading medium. It was suggested that thls change may be due
to a change in the subunit structure of the enzyme. If low
afflnlty Mg+Ca—ATPase and the calcilum transport system are
indeed gssoclated. the same explanation would hold here too.
Thus the binding of ruthenium red to external mucopolysaccha-
rides could prevent the abllity of calclium to affect an inter-
action of the transport enzyme subunits or an increase in
cooperatlvity; Buthenium red could thus bind to and stabilize
the lesé active form of the transport system.so that only a
certain maxiﬁal velocity of calcium efflux and Mg+Ca-ATPase
activity would be obtainable. Support of this hypothesils awalts
isolation of the low gffinity Mg+Ca~-ATPase and identification
of a subunit structure.

Preliminary experiments also indicate that inhibltion by
ruthenium red may be temperature dependent. For inétance.
0.4 .mM external ruthenium red increased the lag time for calcium
efflux in ghosts loaded with 3.0 mM calclum from three to four
minutes. Furthermore, membranes must be preincubated at
2 to 4°C. 1in order for inhibition to be obtalned. The possib-

111ty thus exists that ruthenium red can only bind to one
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form of the transport enzyme. This form may be the more

efficient transport form, induced by high concentrations of

intracellular calcium and possibly by low temperatures.

‘The Effect Of Drugs (Quinine, Quinidine, and Propranolol) On

Mg+Ca-ATPase

' Quinidine has been shown to lnhiblit the binding of calclium
in isolated sarcoplasmic reticulum (79). The possibility was
‘considered that this drug may have effects on other systems
controlling the distribution of calclum, such as active calclium
transport across the plasma membrane. The human erythrocyte
was used as a model system to determine whether quinidine or
quinine affected low affinity Mg+Ca-ATPase in resealed ghosts
or BBbMF. Both quinidine and quinine were found to be ineffec-
tive over a con@entfatloh range of 10'5M to 10'3M in both prep-
arétldns. Interferénce by these drugs on the ilnorganic phosp-
hate assay (63) at concentrations greater than 10'3M was
observed.

Pfopranolol was also without effect on Mg+Ca-ATPase activity

3M.

in resealed ghosts in the concentration range of 1072 to 10
The effect of these drugs on active calcium transport was

not determined.
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The Effect Of Manganese On Mg+Ca-ATPase Activity

Bader (43) recently reported that ménganese can substitute
for calcium in activating low affinity Mg+Ca-ATPase in RBCMF.
Manganese was reported to activate low affinity Mg+Ca-ATPase
with the same potency as calcium and to have no effect on high
affinity Mg+Ca-ATPase., Therefore manganese was consldered
as a potential tool for differentiating enzyme function.

The concentration of manganese was varied in the loading
medium in the presence or absence of 1.0 mM external calcium
(Fig. 22)., Calclum was not included in the loading medium in
these experiments. Inhibition of ATPase activity was observed
at concentratlions of manganese less than 1.0 ﬁM. The activity
retuined to the control level at 5.0 mM manganese. The concent-
rations of manganese was also varied in the absence of 1.0 mM
external calciuﬁ to ensure that the slight activation occurring
between 3.0 and 5.0 mM manganese was due to manganese and not
external calcium leaking into the ghoéts. Since thelr was no
appreclable change in the two results, manganese may be able
to substitue for calcium in resealing the ghosts, however, its
effeét“on activating Mg+Ca-ATPase seems negligible,

Manganese did not activate calclilum actlvated ATPase in RBCMF,
It is possible that contamination of the manganese with calcium
could account for the difference in results obtained here and

those reported by Bader (43).
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Figure 22. Effect of varying the concentration of manganese in the

loading medium on ATPases activity in the absence of
external calcium {Q) and in the presence of 1.0 mM
external calcium(@).Each point represents a single

experiment.
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CONCLUSIONS

A sultable preparation of resealed erythrocyte ghosts was
developed in this study. The use of 1.0 mM EDTA in the washing
procedure resulted in a ghost population essentially free of
endogenous ATP and divalent cations. This method of preparation
has advantages over previous methods used for preparing ATP
free ghosts since long preincubation periods in metabolically
depleted media or lodoacetate treatment of the whole cells
prior to preparation of the ghosts is not required. Ghosts pre-
pared by this method required the additlon of calcium (> .05 mHM)
to the loading medium in order to reseal. Magnesium was unable
to substitute for calcium in thls respect. The use of EDTA did
not result in removal or denaturation of membrane ATPase(s)
since specific activities comparable to those reported in the
literature were obtailned for both Na,K-ATPase and Mg+Ca-ATPase.
Further evidence was given indicating that the ghosts had
resealed (p 35) and that Na,K-ATPase and Mg+Ca-ATPase could be
asymmetrically stimulated by cations.

In contrast to a report by Schatzmann and Vincenzi (12)
it was found that external divalent cations (Mg and Ca) further
increased Mg+Ca-ATPase activity in this ghost preparation.

The mechanlism of action was attributed to the replacement of
membrane divalent cations removed by EDTA (not used by Schatzmann

and Vincenzi). Presumably calcium or magnesium are required to

maintaln the most favourable conformation of this enzyme. It

was of lnterest that the specific activity of Na,K-ATPase was



70

not increased by these external divalent metal cations. This
study was the first to show the,preéence of a high and low aff-
inity Mg+Ca-ATPase in resealed human erythrocyte ghosts,
Previous studies had shown a high and low affinity Mg+Ca-ATPase
in RBCMF., However, the concentrations of calclium in the load-
ing medium were more than ten times higher than the concentrat-
lons of calcium required to achleve optimal activation in
RBCMF. It was suggested that the concentrations of calcium
in the loading medium do not represent the true intracellular
concentration of frée calcium, for reasons outlined on p 42 and
reference 30, |

The present studles provide strong evidence that only
the hydrolysls of ATP due to low affinity Mg+Ca-ATPase i1s coup=-
led to calcilum transport. A stoichiometry of two was found
in contrast to a previous estimate by Schatzmann and Vincenzi
(12), who reported a stolchiometry of 0.77. However, their
study (12) was done with only one internal calcium concentration
(1.0 mM)., In addition, the present study has shown that a
stolchlometry of leSS than one is obtalned at low concentratidns
of calclum where the high affinity Mg+Ca-ATPase is also funct-
ioning. The results further indlcate that the operation of
the calcium pump is a cooperative process; the pump becoming
more efficlent as the concentration of calcium is increased.
This mechanism may be very important to the survival. of the cell
'in situations in which the internal calcium concentration becomes
high., Ruthenium red may prove to be a useful tool for invest-

igating the cooperative aspects of the mechanism of calclium
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fransport. since this dye inhibits the more efficlilent form
of the transport system. The finding that the inhiblitlion by
ruthenium red increased with lncreasing concentrations of
calclum in resealed ghosts was not found in BBCHF where
ruthenium red inhibited equally at all concentrations of
calcium (76). This finding implies that in RBCMF only one
state of the enzyme can exist, in contrast to the enzyme in
the resealed ghost.

The finding that low affinity MgtCa-ATPase may be
assoclated with calcium transport was at first somewhat
surprising since one might expect that the Mg+Ca-ATPase with
the highest affinlty for calcium might be best suited for |
maintalning a low intracellular calclium. However the low
affinity Mg+Ca-ATPase possesses a higher speclflc actlivity than
the high affinity Mg+Ca-ATPase and may possess a threshqld
sufficiently low to mainﬁain a low intracellular concentration
of calcium. In conditions of low pH and low oxygen tension
which can occur in the spleen (84,85), extracellular calcium
can enter the red blood cell. In such cases the low affinity
Mg+Ca-ATPase may be well adapted to handling high intefnal-
calcium condlitions.

The function of the high affinity Mg+Ca-ATPase was not
determined in thls study, but may be assoclated with the actin-
like proteln (spectrin) isolated from the inner aspect of the
RBC (55).

Quinine, quinidine and propranolsl were found to have
no effect on Mg+Ca-ATPase in resealed ghosts when added either

externally or internally. These drugs are thought to be membrane
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stabllizing agents and it was anticipated that rig+Ca-ATPase
~activity might be blocked If these drugs uct by expansion of
the membrane and by producing unfavourable conformational

perturbations in the membrane microenvironment.,
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Effect of internal calcium on the veloclty of calcium

efflux.
-log [Ca] in the

Table A

umolesCa mg hr

..1 ..1

81

loading medium (M) mean + SE n
4,0 279 1
3.6 291 042 2
3.3 «337 .027 3
3.0 427 .031 3
2.7 . 742 072 3
2,5 1.035 ';021 3
2.3 1.15 .076 3

Table B

Effect of linternal calcium on the velocity of

Mg+Ca-ATPase,

~log [Ca] in the _pmoles Py mg~Y npr7t
loading medium (M) mean + SE o
4.0 «296 .005 3
3.6 333 .007 3
3.3 316 .006 3
3.0 .350  .007 3
2.7 A411 L0043
2.52 4926  ,020 4
2.39 .5525 1
243 577 0% 3



Table C

Effect of external ruthenium red on the velocity of

calcilum transport.
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[ca] in the [Ruthenium Red] pmoles caltng tnrt
loading medium (mM) (mM)

3.0 . 0 1.074, 1.012, 1.02
3.0 = 610, .635

3.0 .2 M475, .565

3.0 o W31, 385

Table D

Changes in the calcium concentration of resealed ghosts

wilth time.
2+ =1
[Ca] in the Tinme umoles Ca1 ng
loading medium (mM) (min.) mean * SE n.
0.1 _ 0 JLA43 1l
0.1 5 «223 1l
0.1 10 176 1
0.1 20 «202 l
0.25 2 455 .001 2
0.25 6 .261 1l
0.25 8 «197 004 2



Table D (cont'd)

[Cq] in the Time pmoles Ca’'mg™t
loading medium (mi) (min.) mean + SE n
0.5 0 L7k .006 4
0.5 2 432 o452
0.5 3 .366 025 2
0.5 4 364

0.5 5 .252 .002 2
0.5 6 258 042 2
0.5 7 .184

0.5 8 .188 |
0.5 10 152 016 3
0.5 , 20 .36 1
1.0 0 585 .027 &
1.0 2 .398 1
1.0 3 .398 .022 2
1.0 5 ©.269 .026 3
1.0 6 .239 1
1.0 ? .193 1
1.0 10 173 .002 2
1.0 20 .215 .011 2
2.0 0 .807  .007 3
2.0 3 6965  .0l4 2
2.0 4 621 .039 2
2,0 5 L5k 1



Table D (cont'd)
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[ca] in the Time pmoles Caz'*‘mg"1
loading medium (mM) (min.) mean + SE n
2.0 . 6 H12 .039 3
2.0 7 307 1
2,0 8 «273 1
2,0 10 «229 .003 3
3.0 0 1.017 " '.009 3
3.0 2 .98 1
3.0 3 $ 797 , 1
3.0 5 .624 075 3
3.0 7 .284 1
3.0 10 «202 .025 3
3.0 20 .612 007 3
5.0 0 1.425 .036 3
5.0 2 1.44

5.0 | 3 1.bbs,

5.0 5 1.19. .089 3
5.0 7 0.930 ‘ 1
5.0 10 489 .034 2
5.0 ' 20 .296 1
5.0 30 .250 |
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Table E

Effect of ruthenium red (0.2 mM) on activation of
Mg+Ca-ATPase in the loading mediun,

[ca] in the [Ruthenium Red] _ pmoles Pi mg~thr~l
loading medium (mM) _ (mM) mean + SE n
0.25 0.2 .301 023 3
.5 0.2 .321 .010 3
1.0 0.2 356 .012

3.0 | | 1.0 .301 .009 3

5.0 1.0 «3076 025 3
Table F

Effect of varying the concentration of ruthenium red on
MgtCa-ATPase activity.

[Ca] in the [Ruthenium Red]  pmoles Pi mg thr-t
loading medium (mM) (mM) mean + SE n
0.5 0 3166 .006 3
0.5 , 2 e 321 .011 3
3.0 0 L4926 .020 3
3.0 .05 391 1

3.0 .10 .352 1
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Table F (cont'd)

[ca] in the ’ [Ruthenlum Red] _pmoles P mg~lhr~!
loading medium (mM) (md1) mean + OSE n
3.0 «20 «J01 . 009 3
3.0 40 .210 1
5.0 -0 . « 577 .014 3
5.0 .05 .501  .026 3
5.0 ol 406  ,023 3
5.0 o2 «307 «025 3
500 01+ 0232 0011 3
Table G

Effect of 0.2 mM external ruthenium red on the activation
of calcium transport by internal calclum,

[Calcium] in the [Buthenium Red pmoles Ca®'mg~thr~!
loading medium (1.0 mM) , (mM)

1.0 0.2 " A425, J44o0

2.0 002 0479' .466
3.0 » 0.2 475, .565

5.0 0.2 430, 540
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Table H

Effect of varying the concentration of calcium in the
loading medium in the presence and absence of external
calclium,

- all conditions are standard except 0.4 mM
EGTA was included in the loading medium.

-log [Ca] in the [ca] in the jmoles Pi mg~tnr~t
loading medium (M) external medium (mM)

4.0 1.0 .310,.318
3.52 1.0 «313,.325
3.30 1.0 360, .342
3.125 1.0 340, .346
3.0 1.0 . 349, .367
2,699 1.0 400, 406
2,523 1.0 462, .473
2.30 1.0 | 586, .574
2,125 - 1.0 « 594, .606
2.0 | 1.0 491, 499
2,22 1.0 | 495, .504
4.30 0 «254, .248
4.0 0 .272, .,282
3.699 0 <290, .298
3.30 0 «295, . 304
3.125 0 .310,.318
2.823 0 .358, .364
2,602 0 .384,.396
2.426 0 423, 480
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Table H (cont'd)

i

-log [Ca] in the ' [ca] in the pmoles Pi mg~thr~1
loading medium (M) external medium (mM) :

2.30 0 490, U460

2.20 0 + 50, .516

23125 0 541, 3553

2.0 0 498, .518

1.9 0 40, 468

Table I

Effect of manganese on Mg+Ca-~-ATPase activity in resealed

ghosts.
-log :[Mn-jib in the [Cajl in thé pmoles Pi mg'lhr-l
loading medliun : external medium
5.0 1.0 .318
3.3 1.0 302
3.0 o 1.0 .296
3.52 1.0 .288
3.30 1.0 ' <324
4.0 0 .306
3.3 0 . .296
3.0 0 «278
3.7 0 .281
3.52 0 «302
3.30 0 « 31k
0 «290

3.126



Table J
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Effect of ouabaln on ATPase activity on ghosts resealed

with KC1 (2.876 M)

- Ca 1n the loading medium was 0.5 mM,

. 10

Time [ouabain] in the pmole Pi mg~Lnr=1
(min) external medium (mM)
0 0 .156
0 «203
0 <535
Lo 0 .605
0 0.2 .156
10 0.2 .225
20 0.2 .306
30 0.2 .392.
40 0.2 7



(7]
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Table K

Activation of Na,K-ATPase by external potassium in
resealed ghosts.

- Ca¢t 1n the loading medium was 0.5 mM and
calcium was not present in the loadling medium when
indicated.

0
1.5
4,5
10.0

1.5
4.5
10.0
15.0

1.5
4.5
10.0

in the [Ouabain]ln the [:Cazt_] in the pmoyis P
external medium (mM) T“external medium external medium mg~~hr
V.l 0 « 302
0.1 0 +300
0.1 0 .298
0.1 0 «J00
0 0 «303,.297,.337
0 0 JUUT7, 460
0 0 +550,.558
0 0 . 638, ,646
0 0 « 636, .645
0 1.0 «365,.373
0 1.0 «562,.570
0 1.0 JOl43, . 656
0 1.0 «676,.682
0 1.0 « 648, . 660

15.0



Table L

Effect of external calcium on ATPase activity.
-the ghosts were loaded with 0.5 mlM calcium and
4 mM EGTA. Other conditlons were standard.

[bazfl in the ' pmoles Pi mg‘}hr-l
external medium (mM)

1.0 .073,.070

1'5 0098’ 0104

200 ‘ 0118. 0130

3.0 | . 340, 0335

5'0 . - 0146, .1‘4'0

Table M

Effect of external magnesium on ATPase activity.,
-conditions same as Table L.

+ - Ld -
[MgZJ in the ' }xmoles Pl mg 1hr 1
external medium

1.0 «02,.03
2.0 «Ob4, ,050
300 : ' 0062, .055

400 ’ 0048' 0052



