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ABSTRACT

This investigation involves an attempt to correlate
some properties of the membrane ATP-ase system of the human
erythrocyte with present knowledge of the cation transport
system of these cells. | .

The membranes (ghosts) wére prepared by hypotonic
haemolysis of.the red cells, followed by repéated washing to
remove haemoglobin and cytoplasmic constituents. The activ-
ity of the membrane consisted of two components: the first
required the preéence of Mg ions and was not inhibited by the
cardiac glycosides (glycoside-insensitive ATP-ase); the
second required the presence of both Na and K in addition to
Mg and was comﬁletely inhibited by cardiac glycosides (glyco-
side-sensitive ATP-ase).

The interaction of the glycoside-sensitive ATP-ase of
erythrocyte ghosts wifh Na and K was found not to obey
Michaelis—MentenAkinetics, but to be mdre adequately
describeé by an allosteric effect of these ions, or by an
alternative mechanism involving multiple binding sites for
these ions consistent with recent kinetic data describing the
active transport of these ions. There appeared to be no
interaction between the'cardiac glycoside ouabain and Na, but
under conditions whereby the Na:K ratio was kept constant, a
competitive inhibition of K activation by ouabain was observed.
Unlike erythrocytes, erythrocyte ghosts do not appear to bind
the glycosides with the same tenacity, probably due to some
loss of necessary protein during their preparation. The
effects of Mg and ATP upon the ATP-ase system appeared to
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conform with Michaelis—Menfen kinetics.

Like the active transport syétem, the ATP-ase system
was inhibited by Ca only when this ion was located inside the
cell membrane. Since both the ouabain-sensitive and ouabain-
insensitive components éf the ATP-ase system were inhibited
by 'internal' Ca, it implies that there is no spatial asymme-
try of the systeﬁ; | |

The membrane p¥hi£rophény1 phosphatase was found to
have many prope:ties in cdmmdn witﬁ the ATP-ase sYstem, con-
sistent with the phosphatase acting as part of the cation
pump. Such similarities as Mg dependence and K activétion,.
the latter being specifically inhibited by ouabain, were
found. Both enzymes were inhibited by Ca and by NaF, and
each enzyme showed a muﬁual inhibition by the substrate of
the other. The most marked difference between fhe systems
was in their pH optima. Despite the similarities, the phos-
phatase cannot definitely be concluded to be a component of
the transport system.

Treatment of the ghosts with Tritoﬁ X-100 yielded a
soluble preparation containing cation-independent ATP-ase and
p-nitrophenyl phosphatase activity but no cation-dependent
activity. A soluble preparation was not obtained with other
detergents and n-butanol, although all of these agents, and
certain other organic reagents, had a common effect upon the
properties of the ATP-ase system: namely, an activation of
the ouabain-insensitive component prior to loss of activity.
The results have suggested that an intact lipoprotein network
is necessary for cationédependent ATP-ase and cation pump

activity.
iii



An extension of the work with Ca to its effect upon
the suppression of the osmotic haemolysis of erythrocytes
indicates that this effect is probably due to a direct
action of Ca upon the membrane, rather than through a
selective loss of K from the cell of the type produced by

valinomycin.
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I. HISTORICAL INTRODUCTION

It is now generally aécepted that the human erythro-
cyte and probably most other cells contain an ATP-ase system
concerned with maintaining the ionic cohposition of the cell
by transporting Na ions out of and K ions into the cell.

The plasma, the natural environment of the red cell,
contains a high concentration of Na relative to K, whereas
within the cell these concentrations are almost reversed.
Since small anions are able to diffuse freely across the cell
membrane, the cell must be able to keep Na out in order to
prevent the colloid osmotic pressure of ﬁaemoglobin anions
inside the cell from producing haemolysis. This can be done
by either having a membrane impermeable to Na and K or by
having a permeable membrane in which the diffusion of these
ions down their concentration gradients is offset by an
opposite migration.

Prior to 1940 it was generally believed that the
erythrocyte membrane was in fact impermeable to cations, and
the anomalous distribution of Na and K ions inside the cell
was thought to arise at some stage in the nucleated precursor
and to be perpetuated by the impermeability of the membrane
thereafter.  Early evidence of an active transport of Na and.
K ions in erythrocytes stemmed from the observation that
cells stored at 0°C lose K and gain Na. Upon rewarming the
cells this loss was reversed, K passing back into the cells
accompanied by an extrusion of Na. Removal of glucose or
inhibition of glycolysis prevented this reversal. Indeed,

-1-
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addition of glycolytic inhibitors to cells maintained at 37%,
or removal of glucose, produces a loss of K in these cells, a
similar situation to that of cells stored at 0°C (1,2).

The rate of entry of K into cq%d-stored cells rises
sharply as the K concentration in the éﬁternal medium is
increased to about 10 mM, after which fhe influx increases
more slowly and linearly with the external K concentrations.
The two components of this curve could be described by the
sum of a Michaelis-Menten adsorption mechanism plus a linear
influx. The Michaelis component which describes the active
movement of K ions into the cell is markedly lowered by the
absence of glucose. The linear influx of K, independent of
glucose, would be a downhill movement of K. Similarly, the
Na efflux was divisible into two components: - an éctive
efflux dependent upon the pPresence of glucose and signifi-
‘cantly upon the presence of K outside the cell membrane;
and a passive movement independent of an energy éupply (4,
5). The dependence of Na extrusion upon external K supports
the hypothesis that the two ions are probably transported by
a common carrier type of mechanism.

The observation that cardiac glycosides specifically
inhibit active cation fluxes in erythrocytes has greatly
facilitated the investigation of active transport (6,7).

The glycosides have little or no effect upon the passive

movement of Na and K or upon the energy production within



the cell, A direct action of these compounds upon the
transport mechanism rather than upon the energy supply
was supported by the observation that raising the concen-
tration of K outside the cells overcomes to some extent
the inhibition of active transport produced by the glyco-
sides,

Spéculation that the active movement of Na and K was
accomplished at the expense of high-energy phosphate bonds
was soon cbnfirmed. A parallel decline of ATP and K in
cells poisoned with iodoacetate, and a concomitant: rise
of ATP and K during the re-warming of cold-stored cells
in the presence of glucose was observed (8). More direct
evidence came from experiments in which the reversal of
haemolysis technique was used., This method allows the
introduction of non-penetrating substances into the
erythrocyte by haemolysing the cells in a hypotonic solu-
tion containing the substance to be introduced. Upon
restoring the medium to isotonic conditions the cell
"re-seals" itself and still behaves like a normal cell
with respect to cation movements, provided suitable sub-
strates are present within the cell membrane. Cells into
which ATP was introduced were now able to actively trans-
port Na and K even though they were no longer capable of
glycolysis (9,10). The other nucleotide triphosphates,
CTP, UTP, GTP and ITP could not support active transport

in this way (11). Thus ATP would appear to be the energy
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source of thé cation pump in erythrocytes.

The discovery of active transport led inevitably to
the search for an enzyme injthé réd‘Cell membrane whiéh
could hydrolyse ATP. The early investigations»(12,13,14)
did indeed show that thé membrane contained an ATP-ase,
but at that time fhe activity of the enzyme could not be
correlated with the active transport of Na and K. After
it was found'thaﬁ homogenates of crab nerve tissue.con-
tained an.ATP;asevwhich, significantly, was stimulated by
the presence of Na and K and inhibited by the cardiac
glycosides (15),’further investigation of erythrocyte
ATP~ase took place.

The membranes used in these investigations were
prepared by hypotonic haemolysis‘of the red cells, followed
by repeated washing of.the membrane to remove haemoglobin
and cytoplasmic constituents., The ATP-ase activity of the
membrane was found to consist of two components (16,17):
the first component required the presence of Mg ions and
was not inhibited by cardiac glycosides; the second com-
ponent réquired the presence of both Na and K in addition
to Mg ions, and was completely inhibited by cardiac glyco-
sides at concentrations comparable to those which inhibit
active transport. The enzyme system was entirely dependent
upon the presence of Mg as had been found previously for
active transport. Calcium ions could not replace Mg, but

in the presence of Mg they exerted a dual action: an



activation of the'glycoside-insensitive fraction at low con-
centrations (0. 001-0 5 mM) followed by an inhibition at
higher concentratxons, and an. 1nhibitxon of the glycoside-
sengitive component (glycoside-inhibitable) at all concentra-
tions (17). The dependence of Ca-inhibxt;on upon the Mg: ca
ratio suggests that it may be due to a Mg-~Ca competition,
This was later shown to he classzcal competitive inhibition
between. Mg: ATP and Ca ATP assuming a 1:1 complex of Mg:ATP
to be the substrate of the enzyme (18)., The 1l:1 ratio was
based on the observation that maximum activity was obtained
when Mg and ATP were in this ratio (39).

When the concentration of Na or K, at any fixed con-
centration of the other ion, required to produce half-maximal
activation of the transport system was compared to the con- |
centration required to produce half-maximal activation of
the ATP-ase, they were found to be almost identical (16,17).
The actual optimal concentration of the alkali metal ions
was found to depend upon the Na:K ratio rather than upon
the concentration of each individual ion. An,excess of
either Na or K produced an inhibition, perhaps due to
replacement of one ion by the other at its active site.
There is evidence for this hypothesis in the crab nerve
system (19), Furthermore the inhibitory effects of low
concentrations of cardiac glycosides upon ATP-ase activity

could be overcome by raising the K-concentration (17).



ATP was the nucleotide triphosphate most readily
hydrolysed by the membrane enzyme. ITP was utilised at
about 10% the rate of ATP, whilst GTP and UTP were not
hydrolysed at all (20). ADP is hydrolysed at about half
the rate of ATP (16). The phosphomonoester, p=nitrophenyl
phosphate, is also hydrolysed by the membrane. The fact
that this Mg-dependent reaction is activated by K and
inhibited by high concentrations of cardiac glycosides
has led to speculation that it might be part of the ATP-
ase system (21,22),

Excellent correlation was obtained when the structure-
activity relationship of the cardiac glycosides upon the
active transport and upon the ATP-ase were examined (16,17).
Both systems showed numerous parallels including: the more
pronbunced activity of the glycosides as compared to their
genins; the dependence upon the unéaturated lactone ring and
on its positibn (weaker action of allo compounds); the
quantitatively weaker, but qualitatively digitalis-like
action of simple lactones not possessing a steroid nucleus;
the weakening action of epimerisation at C3; and in the
order of potency of the various glycosides, genins and
lactones,

The metabolic inhibitors azide, acetate, DNP, cyanide
and ipdine, which do not inhibit the active transport of Na
and K, had no effect upon the ATP-ase (20). The enzyme is

however inhibited by sulphydryl blocking agents (23). Those



reagents which react only with the most :eadilyfavailable
=SH ‘groups such as NEM and IAA do not. inhibit the enzyme,
whilst the more powerful inhibitors chloromerodrin and
H‘gCl2 block the t:ansport_ATP-ase only after~10-20% of
the total ~SH groups have been inhibited (23).

Further evidence for the involvement of the membrane
ATP-ase in the transport.of Na and K has been obtained by
studying the erythrocyteg from different ﬁpecies. For
example, two distinct species of sheep exist; one species
having erythrocytes with a high internal K concentration
(HK cells), and the other .species a.low internal concentra-
tion of K.in.their erythrocytes (LK cells) (24)., The ATP-
ase of the HK cells was found to be about four times as
active as that of the LK cells, the same ratio that had
previously been found for the transport of K .in these cells.

The relationship between the two components of the
ATpP-ase, the glycoside-sensitive and the glycoside-insensi-
tive component is still not clear. It has been suggested
that they may be either two distinct enzymes (20) or two
forms of the same enzyme in which the glycoside-insensitive
component may be glycoside-sensitive material which has
become desensitised to Na and K during the course of prepara-
tion. The Km of ATP, which is similar for both components,
favours the existence of one binding site for ATP and thus
one enzyme (24), However, the decrease in the glycoside-

sensitive:glycoside-insensitive ratio during the course of



'ageing' suggests a loss of sensitivity to Na and K (17).

. The ratio of the two components also depends upon the
method of preparation (16,17,25), but rarely occurs in a
ratio greater than 7:3 for sensitive:insensitive material,
Recently some success has been‘:eported in separating those
components by NaI extraction (26) and by ultrasonication
(27). This may perhaps indicate the existence of two
separate enzymes,

"In vivo" the two sides of the red cell membranes are
bathed by solutions differing markedly.in. their cation
composition., The external surface of the membrane is
surrounded by a fluid rich in Na from which K ions are
pumped . into the cell, and the internal surface of the mem-
brane by a fluid rich in K ions from which Na ions are
pumped out of the cell, If the membrane ATP-ase is
responsible for the activé transport of Na and K.it must
therefore by stimulated by Na ions on the inside of the
membrane and by. K ions at the'exfernal surface, In order
to test this hypothesis cells containing ATP and varying
amounts of Na and K were prepared by the reversal of
haemolysis technique (28,29). By suspending them in
suitable media both internal and external concentrations
of cation were readily controlled.

The rate of ATP hydrolysis within the cell was found
to be dependent upon the internal Na concentration, rising

to a maximum rate as the Na concentration was increased to.100
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m.mole/litre cells. This Na-dependent ATP hydrolysis only
occurred, however, if K was present in the external medium.
Both the external Na concentration, and as far as could be
determined, the internal K concentration, had no effect upon
the rate of hydrolysis of ATP. Thus it appears that the
membrane ATP-ase is controlled by the internal concentration
of Na and the external concentration of K, the location from
which these ions are actively transported. External K could
be replaced by other alkali metal cations in the following
increasing order of effectiveness, Li, Rb and Cs. Since the
cardiac glycosides are competitive to some extent with K
ions, it seems likely therefore that these drugs act also at
the external surface of the membrane. This has in fact been
established only in the case of the squid axon (30).

The exact number of Na and K ions actively transpor-
ted across the membrane for each mole of ATP hydrolysed is
still a matter of some controversy. The ratio of Na:K trans-
ported has variously been reported as 2:1 (31), 3:2 (32,33),
whilst evidence for a l:1 ratio has also been presented (34).
A Na:ATP ratio of 3:1 has been established under a variety of
cation gradients; i.e. whether Na is pumped 'uphill', 'on the
level', or 'downhill' (37,41). Most recent evidence also
suggests that the K:ATP ratio is nearér 2 than 3 (36,37,41).
When the recently discovered phenomenon of K-K exchange
across the membrane was taken into account, a value of 1.8:1
was obtained for the Na:K ratio (35). Despite the variations

cited, most evidence would suggest that fewer K ions are
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taken up by the cell than Na ions expelled.

It has been calculated that approximately 30% of the
ATP produced in erythrocytes may be devoted to the active
transport of Na and K ions (38). Since the pump can use such
‘significant quantities of ATP, it is reasonable to assume
that tﬁe pump may exert some control over the energy produc-
tion of the cell. In respiring slices of kidney, brain or
liver, inhibition of active transport by cardiac glycosides
results in a decreased oxygen uptake by the tissue (39,40).
In erythrocytes, it has been found that the lactate produc-~
tion shows the same dependency upon fhe presenée of K ions
and upon the amount of internal Na as does the transport
system and the ATP-ase (41). There is evidence that phospho-
glycerate kinase may be the key enzyme through which the pump
can control energy production within the cell (41). The mem-
brane ATP-ase is envisaged as producing a compartmentalised
form of ADP which specifically reacts with phosphoglycerate
kinase, also present as part of the membrane. When linked
to triosephosphate dehydrogenase, anofher membrane bound
enzyme, the system would constitute an ATP generating system

for the pump according to the following scheme:

1. ATP+Na+K+Mg 2IE-25€ [app]+Pi [ADP] =compartmentalised ADP
E
2.G-3-P+Pi+NADﬁ;::é§ 1, 3-PGA+N2DH E1=triosphosphate dehydro-
+HT . genase
Ea
3.1,3-PGA+[ADPj —— ATP+3-PGA E2=phosphoglycerate kinase
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The molecular mechanism by which the hydrolysis of ATP
results in the active transport of Na and K ions is still
obscure. Several hypothetical mechanisms have been suggested,
most of which postulate a two-stage reaction. The initial
step might be a Na-dependent phosphorylation of an acceptor
molecule, possibly the enzyme itself, followed by a K-depend-
ent dephosphorylation (3,4,43,44,45,46). Two of the models for
a cétion pump will be considered in more detail later in this
section.

Attempts to identify a phosphorylated infermediate con-
cerned with the active transport of Na and K in the erythrocyte
have so far been unsuccessful. Labelling of membrané proteiﬁ"
with 32P during the hydrolysis of AT32P does occur.. The label-
ling is Mg-dependent, enhanced by Na, and inhibited by Ca, but
no turnover of this label has yet been demonstrated (47). The
relatively low activity of erythrocyte ATP-ase may account for
these difficulties. More success has been obtained using ATP-
ase preparations from kidney cortex or brain microsomal tissue,
which have similar properties to erythrocyte'membrane ATP-ase.
With these preparations, it was found that transfer of the
terminal phosphate of AT32P to a protein component of the prep-
aration was enhanced by the presence of Na ions, and that upon
the subsequent addition of K ions, a reduction in the amount of
labelling occurred. No enhancement of labelling occurred with
K alone. The cardiac glycoside ouabain.reduced the dephosphor-
ylation of the labelled protein produced by the addition of K,

but also inhibited to some extent the Na-dependent labelling

(48,49).
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Accumulating evidence indicates that phosphorylation
of the protein involves the—formation of a high-energy acyl
phosphate 1(49,50). Evidence for this‘suggestion is based
upon the observation that inorganic phosphate is formed upon
treatment of the phosphorylated protein with alkali or hydro-
xylamine. Some_doubt has been raised as to whether the inter-
mediate of the transport ATP-ase can be an acyl phosphate
because of the inability of hydroxylamine even at high concen-
tration to inhibit the enzyme (51,52). However, it now appears
that hydroxylamine will inhibit the ATP-ase, but only‘if small

8y - 10_5M) are also present (53). Recently

amounts of Ca (10~
the phosphorylated moiety in brain tissue has been identified
as a Y -carboxyl group of a glutamic acid residue (49).

Although it is now generally accepted that the Na-K
activated ATP-ase present in many cell membranes is intimately
connected with the translocation of Na and K across the cell
membrane, the actual means by which this is accomplished still
remains a matter of speculation.

Many schemes which have been proposed to conform with

the present knowledge of the ATP-ase reaction involve a two-

stage mechanism of the type proposed by Post and co-workers

(54,55).
Enzyme (E) + ar3lp X3y (g 32P]Nax + ADP
[(E ~’32P]xNa —lﬂ%e> E + Pi32 + xNa + yK
ouabain
32 xNa + yK 32

E + AT P ——>» E + ADP + Pi
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The nature of the phosphorylatéd complex seems to be protein
(48,49,50) and not lipid (56,57) as has previously been sug-
gested. Although the above scheme shows phosphorylation of
the enzyme, the phosphorylated complex may be a non-enzymatic
carrier. The fundamental question as to whether the ATP-ase
is at the same time both the 'engine' and the transport system
or whether they are separate entities, remains unanswered.
Thus the translocation of Na and K may be accomplished by ro-
tation of a single enzyme or conformational changes occurring
in the enzyme during the course of its catalytic activity, or
by a system containing a transphosphorylating enzyme or
enzymes and a phosphatase. The catalytic activity of the
latter system might be associated with the synthesis and
breakdown of a non-enzymatic Na-K carrier which traverses the
membrane by diffusion. Thus far, however, no chemical com-
pound has been described which would have the properties of a
carrier required to transport Na and K.

Two interesting models for membrane pumps have been
described recently. Opit (46) has proposed a molecular mech-
anism consistent with the Danielli-Davson membrane model, the
inner protein 1aye€ of which would contain the ATP-ase (Fig.
12). The inner protein is visualised as a highly ordered,
polarizable chain with many surface-oriented cationic and
anionic groups, among which a smaller number of amino acid
residues would constitute the active centre of the enzyme.
Initially the amount of Na and K bound to the cationic sites

would merely depend upon the concentration of each species
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Fig. 1. Diagrgmmatic Representation of the Molecular Model for a
Na Pump Proposed by L.J.Opit and J.S.Charnock (46)
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A - Representation of a unit segment of membrane showing the
associated pairs of Na and K with the an10n1c 51tes and

phosphorylation of the active site. ’

B - Representation of the rotation of the protein layels with
exchange of K for Na.

C - Representation of the attack on the phosphorylated centre
following the K for Na exchange.
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present. To operate the pump, a sufficient number of Na ions
must be bound to cause a redistribution of electron density
along the macromolecule and formation of the phosphorylated
intermediate at the active site. ~Formation of the intermedi-
ate induces a further change in electron density along the
protein chain producing an elongation of the inner protein
layer and a rotatiqn of these molecules about the central
lipid core of the membrane, thus exposing the Na-bound sites
to the outside (Fig. 1B). Because of the phosphorylation and
conformational changes of the protein, a preference for K at
the cation sites is now displayed and Na exchanges for K
extracellularly. Adsorption of K at the cation sites causes
a further redistribution in the electron density rendering
the phosphorylated sites susceptible to hydrolysis (Fig. 1C)
which in turn allows the protein to return to its original
conformation, thereby transporting K ions to the inside of
the cell where they can be exchanged for Na.

An alternative allosteric model in which a polymer
molecule acts as the pump has been proposed by Jardetzky (58)
(Fig. 2). The macromolecule would contain a cavity in the
interior of the molecule largé enough to admit a small mole-
cule like Na or K, and be able to assume two different con-
figurations such that the cavity is open to one side of the
membrane in one configuration and open to the other in the
alternative configuration. Na ions would bind to specific
binding sites in the cavity when it is exposed to the inter-

ior of the cell, triggering a phosphorylation of the pump at
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Fig. 2. -Diagrammatic‘Representatidn of the Allosteric Model
for Membrane Pumps Proposed by 0. Jardetzky (58)
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Longitudinal section of the allosteric pump. A, Na-form,
B, K-form. :
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either a nearby or distant site, resulting in the allqsteric
rearrangement in which the cavity is now exposed to the out-
side. As a result of the rearrangément, the affinity of the
binding site for Na is now lowered, and since the volume of
the molecular compartment is small, the Na concentration in
it is in effect greater than in the . surrounding medium, thus
allowing Na to diffuse out of the cavity. Replacement of Na
by K in the cavity would trigger dephosphorylation and re-
arrangement of the macromolecule to expose the cavity to the
inside of the cell. Jardetzky suggests that changes of 2-3%
in the positions of the polypeptide chains of the macromole-
cule would be sufficient for such a mechanism, changes of
such magnitude having been observed during oxygen binding to
haemoglobin. This type of mechanism could be accomplished by
either the eﬁzyme itself acting as the pump or perhaps by an
independent macromolecule phosphorylated and dephosphorylated
by the kinase-phosphatase system.

These types of models account for the principal exper-
imental findings, provide an explanation for the vectorial
nature of ion movements, and are adaptable to the kinetic data
which suggest several binding sites, perhaps with different
binding constants, for both Na and K. Whether or not Na and
K bind to the same sites in a shuttle type of service in which
sites from which Na ions leave are then occupied by K and vice
versa, or whether each ion has its own specific binding site,

is not yet clear.



II. INTRODUCTION TO THE THESIS PROJECT

The work in this thesis was undertaken to try to
obtain more information about erythrocyte membrane ATP—ése
activity which might be correlated with existing knéwledge
of the active movement of Na and K across the cell membrane
in the hope that it might lead to a beéter understanding of
this mechanism. |

Although previous observations suggested that the
interaction of Na and K with the red cell membrane ATP-ase,
and the relationship of active K influx and active Na efflux
to the external K éoncentration in whole cells, could‘be ade-
lquately described by Michaelis-Menten kinetics, recent.evi—
dence indicates that the situation may be more complex. From
his analysis of the interaction of Na, K, Mg, and ATP with
rat brain ATP-ase, whose properties are very similar to those
of the red cell enzyme, Squires (59) has suggested the exist-'
ence of two or more cooperatively interacting binding sites
for each of these ligands. Ahmed (60), however, found that
the interaction of Na and K with the brain enzyme follows
Michaelis-Menten kinetics but that two Na ions are involved
in the activation of the enzyme. In rat red cells, a plot of
Na efflux against external K concentration, found by EHoffman
(61) to be sigmoidal, is inconsistent with the Michaelis-
Menten model. More detailed investigations by Sachs (62,63)
and by Glynn (64) have led to the suggestion that the relation-

ship between active K efflux and the external K concentration
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can more adequafely be described by a model in which two K
ions are required simultaneously at some site or sites in the
transport system before transport-occurs. We have reinvesti-
gated the interaction of Na, K, Mg, and ATP with erythrocyte
ATP-ase and have tried to relate these findings to the exist-
ing proposals for the active movement of Na»and K.

The relationship between the activation by Na and K
of the ATP-ase and its inhibition by the cardiac glycoside
ouabain was also investigated, since a better understanding
of the mode of action of the glycosides should lead to more
information regarding the mechanism of acfive transport.
Although the inhibition of both the cation pump and the ATP-
ase activity of the erythrocyte by cardiac glycosides, which
can be relieved by raising the K concentration, is suggestive
of some competition between the glycosides and K, this cannot
be clearly defined by Michaelis-Menten kinetics. Hoffman has
suggested that the glycosides are allosteric inhibitors of
active transport in the sense that they do not bind at the K
transport site but at a site in its neighborhood where they
alter conformation of the active site, thereby inhibiting the
pump (65). Matsui (66) has reported that the glycosides are
non-competitive inhibitors of K activation whilst Ahmed (60)
believes that inhibition of the ATP-ase in brain is a result
of a competition between the glycoside and both Na and K.
Schatzmann (67) reports that ouabain can enhance the inhibi-

tion of K activation by Na.
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As in the case of the cardiac glycosides, both the
pump and ATP-ase activity are inhibited by Ca, but only in
regard to the pump has the location of action been estab-
lished. We have investigated therefore, the site of action
of Ca upon ATP-ase activities. This should also help to
confirm the location of the ATP-ase system, and since Ca has
an effect upon both components of the ATP-ase, heip to
resolve the question as to whether or not these components
are spatially asymmetric. The experimental work with Ca was
extended to its effects upon the osmotic haemolysis of ery-
throcytes. This stemmed from the observation tﬁat during
the preparation of reconstituted cells for experiments
designed to locate the site of action of Ca upon the ATP-ase,
red cells appeared more resistant to haemolysis in the pres-
"ence of Ca than in its absence.

In view of the widely held belief that the cation
transport mechanism might consist of at least two steps: a
Na-dependent kinase reaction‘followed by a K-dependent phos-
phatase reaction, interest has therefore focussed upon
reports of a K-dependent p-nitrophenyl phosphatase occurring
in the membrane of several tissues, apparently in conjunction
with ATP-ase activity (21,22,68,69). An examination of the
subcellular distribution of the two activities in rat brain
has suggested, however, that the two activities could not be
attributed to a single enzyme (70). A comparison of p-nitro-
phenyl phosphatase activity and ATP-ase activity of erythro-

cyte membranes was therefore undertaken to see whether the
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properties of the K-dependent phosphatase are compatible with
its suggested function as a component of a system responsible
for the active movement of Na and K across the cell membrane.
Some attempts were also made to obtain a soluble pre-
paration of membrane ATP-ase activity with certain detergents
and n-butanol. The effects of these agents, and certain
other organic reagents which alter protein conformation, upon
the properties of the ATP-ase system were also investigated.
The effects upon ATP-ase activity of a few compounds contain-
ing certain structural features in common with the cardiac
glycosides: viz. a carbonyl oxygen in conjunction with a

carbon-carbon double bond, were also investigated.



III. METHODOLOGY

Enzyme Preparations and Assays

l. Preparation of erythrocyte membranes (ghosts)

The ghosts were prepared by the method of Weed (71,
72). The following buffers were prepared and used where

stated during the ghost preparation.

Buffer No.l 30 mOsm | Buffer No.2 60 mOsm| Buffer No.3 30 mOsm
PH 7.4 - 1000 mls PH 7.4 - 1000 mls pPH 7.4 - 1000 mls

Na,HPO, 1.16 g | Nac1 1.26 g | Nacl 0.63 g
KH2P04 0.51 g Tris l1.16 g Tris 0.58 ¢
Na,EDTA 372 mg | Na,EDTA . 372 mg NazEDTA 372 mg

Human blood samples conta@hing EDTA as an anticoagu-
lant were obtained from the haemafoiogy laboratory at the
University of Alberta Hospital and pooled. After centrifug-
ing,the blood at 100 xg for 10 minutes, the plasma and white
cells were aspirated and the remaining erythrocytes washed
three times with 1% NaCl solution. The cells were then dilu-
ted with 1% NaCl to produce a 25% haematocrit value. One
volume of this suspension was mixed with seven volumes of No.
1 buffer and allowed to haemolyse for twenty minutes. The
haemolysate was then centrifuged at 9000 xg for 10 minutes.
The supernatant was removed and the sedimented membranes
washed and re-centrifuged once in No. 2 buffer, twice in No.
3 buffer, and finally suspended in No. 2 buffer. At this
stage, the ghosts were virtually free of haemoglobin. Ghosts

-22-
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prepared in‘this way appe&r as biconcave discs when viewed
under phase-contrast microscopy, even though they no longer
have their characteristic low pe;meébility to cations and
are now freely permeable to ATP, | |

If Na-free ghosts were required, the final wash in
No. 2 buffer was omitted and the membranes were washed
instead two times with a weak‘buﬁfer (4.5 mM TES adjusted to
PH 7.4 with Tris). These ghosts were now fragmented. The
fragmentation appears to'be a function of the tonicity and
occurs when the osmolarity of the suspending fluid is
reduced below a critical value of approximately 20 mOsm. As
far as can be determined, hoWever, the properties of the ATP-

ase in both intact and fragmented cells were the same.

2. Preparation of ghosts by the reversal of haemolysis

technique
When ghosts which retained their low permeability to

cations and impermeability to ATP were required, the follow-
ing technique was used (28).

One volume of washed erythrocytes was rapidly haemo-
lysed by mixing them'with five volumes of Mg-ATP solution
(either 2.0 or 4.0 ﬁM of each).‘ After three minutes, the
haemolysate was restored to isotonicity by the addition of
3 M NaCl and the cells were incubated at 37°C for 30 minutes,
during which time the cells regained their original low per-
meability to cations. The suspension was then centrifuged at
2000 rpm and the cells were washed once in the medium»in
which they were to be incubated during the ATP-ase assay.

After the preliminary incubation, little or no haemoglobin
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was present in the supernatant at the end of the 30 minute
assay. Cells prepared in this way retained approximately 25%

of their original haemoglobin.

3. gﬁantitation of the ghosts

Aftef preparation, the ghosts could be quantitated
with a Coulter Model B electronic particle counter with a 50u
aperture. For counting, a lower threshold of 4 and an upper ~
threshold of 50 (12 - 150 u3) was used, the aperture current
set at 1/APC = 2 and the amplitude at 1/AMP = 1. The gain
trim was set at 50. A 1 in 25,000 dilution of the ghost sus-
pension in 1% saline was used for counting. Counts in the
range of 10,000 - 90,000 were usually obtained with this dilu-
tion, and after correcting for coincidence, the estimate was
expressed as number of ghosts per pl of suspension. This
value was of the order of 1 to 5 x-'lo9 cells per ml.

The protein content of the ghosts was estimated by
the biuret method of Reinhold (73). The procedure was
slightly modified by including 0.9% SLS in the sample to
solubilise the ghosts. Bovine serum albumin was used as
standard. Values of the order of 10-9 mgm protein per cell
were obtained.

Cell haemoglobin was not routinely determined since
the haemoglobin constituted less than 1% of the total cell
protein. When necessary, however, the method of van Kampen
(74) was. used.

4. Determination of the ATP content of reconstituted cells

The ATP content of the reconstituted cells was
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determined by either the firefly method or phosphate method.

Firefly method (Beut;er [75]1)

Reagents - 0.1 M NaZHASO4 PH 7.4 ) Mix 1:1 prior
: ) to use to form
0.04 M MgSO4 ) the reaction
buffer
0.04 M Tris-Borate pH 9.2

5 x 107 M are |
Firefly extract - a homogenate containinj
10 mg lanterns per ml
of reaction buffer
0.2 ml of blood or ATP-containing fluid was added to
28 ml Tris-borate buffer and boiled for 5 minutes
(the buffer could be replaced by distilled water
without affecting the results). To 0.4 ml of the ATP
extract, 3.4 ml of reaction buffer and 0.2 ml of lan~-
tern extract were added. The amount of chemilumines-
cence generated upon the addition of the firefly lan-
terns was recorded with a Photovolt fluorimeter. The
amount of chemiluminéscence'waS‘directly proportional
to the concentration of ATP.
Phosphate method

The values obtained by the firefly method could be
checked through hydrolysis of the unknown ATP solu-
tion by heating at 100° for 7 min with an equal vol-
ume of 2 N HCl. The inorganic phosphate content of
an aliquot of the hydrolysate was determined by the
Fiske and SubbaRow method?}77). Since the hydrolysis

products are AMP and phosphate, one mole of ATP is

equivalent to the release of 2 moles of phosphate.
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5. Preparation of Tris-ATP

The disodium salt was used routinely but when Na-free
solutions were required, the Tris salt was prepared as
follows (76). Two 5G portions of the cation exchange resin
BioRad AG50w-X-8, 200-400 mesh, were washed twice with four
volumes of 0.1 N HCl followed by two washings with deionised
water. 1G Na, ATP was dissolved in 15 mls of water, stirred
with the first portion of the resin for 7 minutes at 0°C,
after which the suspension was filtered. The filtrate was
then stirred with the second portion of the resin for a fur-
ther seven minutes at 0°C and the suspension filtered into
0.5 ml saturated Tris solﬁtion:' The pH of the solution was
adjusted to 7.4 with more Tris and the concentration of ATP
determined by absorbancy measureméﬁfs%;%'ésé.muQ' |
6. Reagents

The salts used were of analytical reagent grade. All
reagents were made up in deionised water.

7. General method of ATP-ase assay

The ATP-ase activity of the ghosts was assayed rou-
tinely by suspending an aliquot of the ghost suspension in a
reaction mixture of total volume 2.6 - 3.0 ml containing the

following components.

NaCl S 1 100-120 mM

KCl 12-16 mM

MgCl, 2-3 mM

ATP 2.0 mM

Buffer Tris or TES 30 mM pH 7.4

(when Tris was used, the solution was
adjusted to pH 7.4 with HCl, when TES
was used, the solution was adjusted to
pH 7.4 with Tris)



-27-

Ghost suspension 0.5 ml

Ouabain where necessary 10 % - 5 x 10°% M

The composition could be varied to suit the need of the
individual experiment.

The ATP-ase activity was obtained by measuring the
formation of phosphate or ADP by the ghost suspension.
8. Assay of phosphate in the reaction mixture

The ATP-ase reaction was generally started by add-
ing ATP in a volume of fluid equal to 1/30th or 1/15th of
-the total volume of the reaction mixture so that the cooling
effect was small. The ATP was added serially at 10 second
intervals and the tubes were incubated usually for 60 mins
at 37°, at the end of which time the tubes were removed from
the water bath to iced water at 10 sec intervals. They were
‘allowed to cool in ice for 1 min and then ice-cold TCA (30%
w/v) was added to make the final concentration 5%. The tubes
were kept in ice until it was convenient to centrifuge down
the precipitated protein and estimate the inorganic phosphate
in an aliquot of the supernatant by the method of Fiske and
SubbaRow (77). Cooling was necessary to obtain complete de-
proteinization and avoid turbidity upon the addition of acid
molybdate. The time between the addition of acid molybdate
and reducing agent, and reading the optical density was the
same for all tubes so that the small amount of acid hydroly-
sis of ATP was kept constant for each tube (a Beckman DU
Spectrophotometer equipped with a Gilford Model 220 Absorb-

ance Indicator was used for all absorbance measurements in
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1l cm cuvettes). This method is referred to as the TCA-
Method.

An alternative procedure which avoided the need for
cooling and deproteinization was later adopted. At the end
of the incubation period, 0.5 ml of 7% SIS was added to the
reaction mixture (2.6 or 3.0 ml vél), immediately stopping
the reaction and producing a clear solution. The inorganic
phosphate was then measured directly upon this solution as
above, the SLS preventing any precipitation of the protein
by the reagents involved. This method is referred to as the
SLS-Method.

9. Assay of ADP in the reaction mixture

The ADP was measured by coupling the hydrolysis of
ATP to pyruvate kinase and lactate dehydrogenase according
to the following scheme.

ATP + H20 —> ADP + Pi

PK
ADP + PEP —> ATP + Pyruvate
—~—
LDH +
Pyruvate + NADH -—> lactate + NAD
+HY T |

In addition to the cations required for the ATP-ase
system, 10 pg pyruvate kinase (Boehringer Mannheim Corp.,
New York - 125 units/mg), 12.5 ug lactate dehydrogenase
(Boehringer Mannheim Corp., New York - 360 units/mg), 0.7
umole NADH and 2.4 uymole PEP were added toAthe 3 ml reaction
mixture. The linear rate of oxidation of NADH was recorded
at 340 my giving a direct measure of ATP-ase activity. This

method was particularly suitable when low ATP concentrations
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were used since the initial velocity is obtained. The phos-
phate method is not sensitive enough to give initial veloci-
ties at low ATP concentrations.

When low Mg concentrations were present in thé reac-
tion mixture, a slightly different method was used since
these Mg concentrations were too low to allow the PK-LDH
system to rephosphorylaté ADP at the same rate as it was
produced. The tubes were incubated in the absence of the
PK-LDH system for a short time (less than 20% ATP hydrolyzed)
after which the reaction was stopped and the protein solubil-
ized by adding 0.4 ml of 10% TX-100. To each tube was added
10 ug PK, 12.5 pug LDH, 0.7 umole NADH, 30 pmole MgClz, and
the decrease in absorbance at 340 mp uponﬂthe'addition of
2.4 ymole PEP was taken as a measure of the ADP produced.
Although the TX-100 completely‘inhibited the ATP-ase activity,

the PK~LDH system was still active.

10. Assay of p-nitrophenol in the reaction mixture

The phosphatase activity of the membrane was measured
under conditions similar to the ATP-ase assay by suspending
the ghosts in a reaction mixture of total volume 3.0 mls con-
taining the desired cations, etc. The composition of the
reaction mixture was varied to conform with the demands of
the particular experiment. Para-nitrophenyl phosphate was
used routinely as the substrate of the phosphatase, the reac-
tion being started by its addition in a small volume to the
reaction mixture. Although the disodium salt was generally

used, when required the Tris salt was prepared in exactly the
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same way as was Tris-ATP.. The absorbance at 310 my was.a
measure of the concentration of the Tris-para-nitrophenyl
phosphate. Carbamyl and acetyl phosphates were also tried
as substrates but the low activity of the phosphatase com-
bined with the lability of these compounds in acid molybdate
made them unsuitable for routine use.

The phosphatase activity was determined by measuring
the para-nitrophenol released. The reaction was stopped
with TCA as in, the phosphate estimétion. After removal of
the protein by centrifugation, a 3.0 ml aliquot was made
alkaline by adding 0.5 ml of 3 M Tris and the amount of p-
nitrophenol present obtained by reading the absorbance of
the aliquot at 400 myu. The SLS method was not found to be
entirely suitable for the phosphatase assay because of some
non-specific hydrolysis of the substrate at the alkaline pH

(=10.0) in the presence of SLS.

Accuracy and Validity of ATP-ase Assay Methods

l. The blank system

Three blank systems were chosen for comparison:

A. addition of SLS to the incubation mixture immediately
prior to starting the reaction with ATP (2 mM).

B. using heat-inactivated enzyme in the reaction mixture.
The enzyme was completely inactivated by heating to 80°
for 3 mins. Higher temperatures were avoided because
this resulted in incomplete solubilisation of the enzyme

with SLS.
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C. omission of ATP during the incubation period and addition
at the end of incubation immediately after terminating
the reaction with SLS or TCA.

Table I shows the blank systems. A and B were almost
identical. The blank systeﬁ C had a slightly lower value,
probably due to slight ATP hydrolysis occurring in systems A
and B during incubation. The similarity of systems A and B
together indicates the complete inactivation of the enzyme by
SLS. The absorbance of the blank was mainly due to the phos-
phate content of the ATP solution which slowly hydrolysed,
when stored at 0°C (approximately 1-2% per week at PH 7.4).

Blank system A was found to be most convenient with
the SLS method; method B was used with the TCA method.

Table II shows that the presence of solubilised pro-
tein présent in the SLS method does not interfere with the
determination of added phosphate. |

2. Presence of ATP during the phosphate estimation

Since the Fiske and SubbaRow method employs strong
acid capable of hydrolysing ATP, it was necessary to deter-
mine whether this might interfere with the method. The
estimation of standard phosphate by the SLS method in the
absence of ATP was compared to that in the Presence of ATP.
The results can be seen in Table III. The calibration curves
in the presence and absence of ATP are almost identical over
a 20 min period despite the continuing hydrolysis of ATP by
the acid molybdate. The colour reaction is virtually complete

by 10 min.
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Table I. Comparison of 3 Blank Systems

Absorbancy at 745 my after Incubation for 60 Mins at 37°C‘

System A System B System ¢
Expt, 1 0.106 0.104 0.092
2 0.109 ' 0.106 0.095
3 0.108 0.106 0.094
Mean 0.108 0.105 0.094

Table II. Recovery of Phosphate in the Presence of

Solubilised Ghost Protein

Absorbancy at 745 my

0.5 pumole Pi 1.0 pmole Pi 1.5 pmole Pi

Protein
Absent 0.39 0.81 1.20

Protein :
Present 0.42 0.82 i.20
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3. Comparison of ATP-ase activity determined by the SLS and
TCA methods '

In order to confirm the validity of the phosphate
assay hsing SIS, the ATP-ase activity as determined by this
method was compared with the activity obtained by the TCA
method: columns A and C, respectively, Tables IV and V.
Table IV shows the mean activity and standard deviation
obtained from five replicate tubes for each method, whilst
Table V compares the activity obtained from seven individual
assays. The standard deviation values in this latter case
are of the differences between the two acﬁivities in the two
methods. Good correlation between the two methods was
obtained.

4, validity of the coupled-enzyme method

Fig. 3 shows the effect of adding increasing aﬁounts
of NADH to an incubation mixture containing ghost protein
upon the optical density of the suspension. There is a lin-
ear relationship between the amount of NADH present and the
extinction of the suspension.

The ATP-ase activity in the presence of the pyruvate
kinase—lactic dehydrogenase system was linear with respect
to time over the concentration range of ATP tested (0.05 -
3.0 mM). Under these conditions, the amount of NADH oxidized
in a given time was proportional to the volume of ghosts
present between pH 6.5 and 8.25 (Fig. 4). Although the high-
er concentrations of ATP (3 mM) could substantially reduce
the initial velocity of the PK-LDH system with respect to

added ADP, under the experimental conditions in which the



-35-

Table IV. Comparison of ATP-ase Activity Determined by

the SLS Method and the TCA Method

Activity - umole Pi formed/ml ghosts/hr

SLS method SLS ¢ PK-LDH TCA
Method A Method B - Method C
Total- | 0.51 SD=0,009 [0.49 =0.007 |{0.51 20,008
.ATB-ase '
OI-ATP-| 0.13  Y0.004 [0.14 Fo0.004 [0.12 F0.008
ase :

Table V. Comparison of ATP-ase Activity Determined By

the SLS and the TCA Methods

Activity - umole Pi
formed/ml ghost/hr
A B
'SLS method | TCA method | SD of A-B

Potal~ 1.50 1.49 ¥0.033
ATP--ase .
OI-ATP- 0.64 0.62. Fo.055
ase
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Fig. 3. The Effect of NADH Concentration upon the Absorbance
of the reaction Mixture

1.5
1.0 F o
2
o
8
o
'S )
[v]
o 0.5 }
o .
b
4]
a
o]
w
2
0 [ I 2
0 . 0.1 0.2 0.3

Concentration of NADH (md)

Composition of the reaction mixture- 3mls containing Na 100mM,
K 16 mM, Mg 3 mM, TES 30mM, 0.5 ml ghost, pH 7.4.

Table VI. Comparison of ATP-ase Activity Determined by Phosphatase
Estimation and by NADH Oxidation

Activity pmole Pi formed/ml ghost/hr

Activity by Pi |Activity by NADH

Expt. 1 .
Total-activity |. 0.93 0.90
OIL-activity 0.48 0.51
Expt. 2

Total activity 0.56 0.59
Expt. 3

Total activity 1.15 1.06
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Fig. 4. The Effect of Enzyme Concentrafion upon the Rate
of Oxidation of NADH by Red Cell Membrane ATP-ase in the

Coupled System
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)
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Assay conditions- Na 100 mM, K 16 mM, Mg 3 mM, Tris-ATP 3mM,PEP
0.83 mM, NADH 0.24 mM, PK 10 ng, LDH 12.5 pg, TES 30 mM, . pH 7.4.

Fig. 5. The Effect of ADP upon the Absorbance of the ATP-ase
Reaction Mixture Containing the PK-LDH System in the Presence

of Triton X-100
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o
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Concentration of ADP (uM)

P-ase incubation
ES 30 mM, 0.5 ml
LDH system( PK 10pg,

Composition of the reaction mixture - 3mls AT
mixture( Na 100 mM, K 16 =M, Mg 3 mM, AIP 3mM, T
ghost, pH 7.4 ), 0.4 ml of 10% TX-100, 0.5 ml PK-
LDH 12.5 ng, 0.72 umole NADH, 2.5 pmole PEP ).
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PK-LDH system was used only,the ATP-ase was rate-limiting.
The data in Table VI show that in the presence of the
coupled enzyme system, the molar amount of phosphate formed'by

the ATP-ase reaction is equal to the molar amount of NADH ox1-

dized. Reference to Table IV Method B shows that the amounti”'

of phosphate formed 1n the presence of the PKFLDH system 1s
virtually the same as the amount released in its absence. The
presence of the cardiac glycoside ouabain had no effect upon
the function of the PK-LDH system.

That Triton-X-100 does not affect the linearity of the
coupled method is shown in Fig. 5 in which increasing amounts
of ADP were added to an incubation mixture containing the PK-
LDH system in the presence of 0.4% Triton X-100. The same
curve was obtained in the presence or absence of ATP (3 mM).
Although concentrations of 0.4% TX-100 were routinely used,
concentrations as high as 1% had little effect upon the activ-

ity of the system.



IV. RESULTS

Initial ATP-ase and phosphatase assays showed that
under the usual conditions of assay (p;,26), the amount of -
phosphate or p-nitrophenol formed in a given time was propor-
tional to the quantity of cells present, and for a given quan-
tity of cells the amount of phosphate or p-nitrophenol formed
increased linearly with time for at least an hour (except in
the case of reconstituted cells) (Figs. 6A, 6B, 7 and 8).

A large portion of the ATP-ase activity can be seen to
be inhibited by the cardiac glycoside ouabain, the remaining
activity corresponding to the activity present in the absence
of the alkali metal ions Na and K. The activity occurring in
the presence of Na + K + Mg will be referred to as the total
ATP-ase activity; the éctivity occurring in the presence of Na
+ K + Mg + ouabain as the ouabain-insensitive or glycoside-
insensitive activity (OI-activity). The difference between
these two activities; i.e. that portion of the activity depend-
ing upon the presence of Na + K ions, is termed the ouabain-
sensitive or glycoside-sensitive activity (OS-activity). No
detectable activity was found to occur in the absence of Mg.
The OS-activity usually occurs as 50-70% of the total activity
in ghosts prepared by the method of Weed (71,72).

In Table VII, the variation in certain parameters of
the ghost preparation can be seen. The activity of the ghosts
was not directly related to the protein content of the ghost,
nor was the activity expressed on a unit ghost basis without
variation. Since the activity of the preparation is sensitive

-39~



~40-

Fig. 6. The Time Course of PhOSphate Liberation from ATP by (A)

Red Cell Ghosts (B) Reconstituted Cells

¢

2.0 -

Activity
Mmole Pi formed/ml ghosts

30 60
Time (mins.)
Assay conditions - Na 110 mM, K 16 mM, Mg 2 nM, ATP

2 oM, Tris 20 mM, pH 7. 4 (o) glycoside absent (e)
ouabain 0.1 mM

6'10
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o

Activity
pmole Pi formed/cells x 1
ot
o

0 A
0 ' 30 60

Time (mins.)

Assay conditions - Na 110 mM, K 16 mM, Tris 20 mM, pH 7.4.
The cells were reconstituted in a solution containing 2 mM

‘Mg and 2 mM ATP. The reconstituted cells contained 1.8 mM/

litre cells ATP. (o) glycoside absent (o) ouabain 0.12 mM.
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Fig, 7. The Time Course of p~-nitrophenol Liberation from

PNPP by Red Cell Ghosts

0.15

Activity
" umole PNP formed/ml ghosts

- ] (Y

0 30 60 30
Time (mins.)

Assay conditions -~ K 16 mM, Mg 2 mM, PNPP 1.54 mM,
Tris 156 mM, pH 7.4

Fig. 8. The Effect of Enzyme Concentration upon the Rate
of Liberation of PNP from PNPP by Red Cell Ghosts
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Assay conditions - K 10 mM, Mg 7 mM, Tris-PNPP 5 mM,
TES 30 mM, pH 7.4. (o) K present (e) K absent
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to washing procedures (see Figs. 30 and 31), the variation in
activity is probably due to changes in the ratio of washing
fluid to cells washed.

The p-nitrophenyl phosphatase activity of the ghosts,
hereafter referred to as phosphatase activity, can also be con-
veniently divided into two components: a-Mg-dependeht activity
requiring the presence of Mg ions, and a K-dependent component.
The latter is the difference between the activity in the pres-
ence of Mg + K and the activity in the presence of Mg alone. A
more detailed investigation of the properties of the phospha-
tase will be discussed later (p. 91).

The ATP-ase activity of the ghosts is fairly stable for
two to three weeks at 0°C, though a loss in the total activity
accompanied by a decrease in the 0S:0I ratio usually occurs.
Tables VIIIA and VIIIB show oﬁe effect of 'ageing' upon the ATP-
ase activity of the ghosts. The data shown here are not neces-
sarily meant to represent typical 'ageing' effects in the ghosts
but are included because of the interesting change in characte}
of the ATP-ase. There is little change in total activity over
the 'ageing' period but a marked decrease from 1.02 to 0.25 in
the OS:0I ratio. This type of change appears to occur when a
large proportion of the ghosts are exposed to air, as happens
when the volume of ghosts in a container decrease as the ghosts
are used for experimental purposes. Table VIIIB shows an exam-
ple of this type of change produced by storing 4 mls of ghosts
in a 50 ml container (producing a large surface area:vol. of

ghosts ratio) for a week at 0°cC.
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TableVIIIA. The Effect of 'Ageing' upon the ATP-ase -

Activity of Red Cell Ghosts

Day of assay 1 2 5 6 . 7 8

Potal-ATP-ase 1.05 1,10 1.08 .1.12. 1.17. 1.23.
O - ATP~ase 0.52 0.65 0.6% .0.77- 0.77. 0.99
0S - ATP-ase 0.53 0.45 0.47: 0.35 0.40 0.24

Ratio 0S:0I 1.02 ‘0.69 0,78 0.46 0.52 0.25

Activity - pmole Pi formed/ml cells/hr
‘Assay Conditions - Na 100 mM, K 16 mM, Mg 3 mM, ATP 2 nmM,
TES 30 mM, pH 7.4, ouabain 0.5 mM added to obtain the OI-

activity.

Table VIIIB. The Effect of 'Ageing' Upon the ATP-ase

Activity of Red Cell Ghosts

Day of assay 1 7

- Total-ATP-ase 1.40 1.45
OI - ATP-ase 0.57 0.79
05 - ATP-ase 0.83- 0.66

'Ratio 0S:OI 1.48 0.84

Activity - pmole Pi formed/ml cells/hr

Assay Conditions - Na 100 mM, K 16 mM, Mg 3 mM, ATP 2 mM,
TES 30 mM, pH 7.4, 0.5 mM ouabain added to obtain the OI
activity. :
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Such a change in 0S:0I ratio without much change in
total activity is of interest because of the unknown relation-
ship between the two components of the ATP-ase: viz. whether
they are separate enzymes oOr whether they are different forms
of the same enzyme in which perhaps the OI-component has lost
its sensitivity to Na and K. The changes in the 0S:0I ratio
shown in Table VIIIA and VIIIB are suggestive of a change of
OS-activity into OI-activity although the change might also be
caused by an activation of the OI-component accompanied by a
loss in OS-activity. Attempts to 'artificially age' the
ghosts were not particularly successful. Procedures such as
oxygenation of the ghosts, or rotating a small volume of
ghosts in a test-tube at 0°¢c to expose a large surface area
of the ghosts to air produced variable changes. in the 0S:01

ratio, usually accompanied by a loss in total activity.



SECTION I

Interaction of Erzthroczte Membrane ATP-ase
with Na, Mg, ATP and Ouabain

The work presented here is an attempt to study the
interaction of Na and K with the ATP-ase system of the red
cell, énd the inhibition of the cation-stimulated ATP-ase by
ouabain. The effects of Mg and ATP upon the ATP-ase activity
have also been investigated.

Since changes in the osmolarity (and ionic strength)
of the incubation medium would occur in these experiments
when the concentration of Na and K were varied, prellmlnary
experiments were carrled out to see 1f such changes affected
the ATP-ase activity. Only large changes in osmolarity (or
jonic strength) inhibited the ATP-ase activity -(Table IX).
Moderate changes of the size expected in the kinetic experi-
ments did not affect the ATP-ase activity; e.g. the ATP-ase
activity was the same in the presence of 0.8 mM K + 14 mM Na
as in the presence of 0.8 mM K, 14 mM Na + 120 mM choline
chloride.

The effect of low concentrations of Na ion, and the
influence of small amounts of ouabain, upontthe rate of ATP-
ase activity can be seen in Fig. 9.. The ghosts were preincu-
bated for one hour in the presence of ouabain to obtain a
constant degree of inhibition during the assay period. The
activity, measured as the amount of phosphate formed, was
assumed to represent initial velocities since less than 15%
of the substrate was consumed during the assay period, even

-46-
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Fig. 9. The Effect of Na Concentration upon the Ouabain-
Sensitive ATP-ase Activity of Red Cell Ghosts in the
Presence of Low Ouabain Concentrations

0.6

004

Activity
ymole Pi formed/ml of ghosts/hr

0.2

0 1 1 . 1 < 1

0 4 8 , 12 16

Na concentration (mM)

Assay Conditions - K 16 mM, Mg 3 mM, Tris-ATP 2 mM, TES 30 mM,

pH 7.4. (o) total 08 - activity (e) OS-activity in the presence
of 5x 10°% M ouabain, (8) O0S-activity in the presence of 10 M
ouabain.
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when the velocity approached Vﬁa#. The sigmoidal curve of
rate as a function of Na ion concentration’ and the upward
bending lines obtained when these data are plotted according
to the method of Lineweaver and Burk (78) (Fig. 10), suggest
that the enzyme interacts in some way with more than one mole-
cule of Na. Such behaviour, characteristic of certain allo-
steric proteins (19-81) may more adequately be described by
the Hill equation, originally formulated to describe the

interaction of haemoglobin with oxygen.

A"/
log ( ﬁax - ) = log K- n log S

Vmax
v

Thus when loé ( - l) is plotted against log S, a straight
line relatiénship-is obtained with a slope equal to -n. It
has been suggested that wﬁen np>1l there is cooperative inter-
action between two or more bin&ing sites for the same ligand.

A Hill plot of the data presented in Fig. 9 can be seen
in Fig. 11. 1In this and subsequent Hill plots, any points at
which substrate inhibition occurred, and those points nearest
Vhax' were omitted because of the inaccuracy of Vhax taken from
curved Lineweaver-Burk plots. The Hill plots in Fig. 11 gave
an n value of 2 - 2.6, both in the presence and absence of oua-
bain. The ﬁn'value for Na of 2.4 mM changed little in the
presence of the glycoside. It is of interest to note that
unless concentrations of Na less than 5 mM were used, sigmoidal

curves of rate as a function of Na concentration were no longer

obtained and Lineweaver-Burk plots now have a straight line
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Fig. 10. A Double Reciprocal Plot of the Effect of Na Conc-
entration upon the Ouabain-Sensitive ATP-ase Activity of Red
Cell Ghosts in the Presence of Low Ouabain Concentrations
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Assay conditions - K 16 mM, Mg 3 mM, Tris-ATP 2 mM, TES 30 mM,
pH 7.4. fo) total OS-activity (e) OS-activity in the presence
of 5x10 = M ouabain (A) OS-activity in the presence of 10 " M
ouabain.

Fig. 11. Hill Plots of Ouabain-Sensitive ATP-ase Activity '
Expressed as a Function of Na Concentration
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Data from Fig. 9. (o) Total 0S-activity (e) OS-activity in
~the presence of 5x10 = M ouabain (&) 0S-activity in the presence
of 10 M ouabain. '
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relatiohship (Fig. 12). Hill plots now give an n value of
unity. |

When activity is plotted as a function of Na concen-
tration at fixed K concentration (Fig. 13), the sigmoidicity
of the curves increases as the K concentration is raised.
However, the value of n obtained from a Hill plot of these
data is not markedly different at the three different K con-
centrations (Fig. 14). As might be expected, the Kh value of
Na increaéeé from 2.9 mM to 12 mM as the fixed K concentration
is raised from 10 mM to 100 mM.'

The effect of K concentration and the influence of
small amounts of ouabain upon the rate of O0S-ATP-ase activity
can be seen in Fig. 15. Although the curves of rate as a
function of K concentration are not markedly sigmoidal (Fig.
15), upward bending Lineweaver-Burk plots are obtained from
these data (Fig. 16). Hill plots (Fig. 17) gave an n value
of 1.2 - 1.4, both in the presence and absence of ouabain.

The Km value increases from 1.0 mM in the absence of ouabain
to 4.9 mM in the presence of ouabain.

The type of inhibition produced by ouabain in relation
to the activation by Na and K could not be satisfactorily de-
termined from the curved Lineweaver-Burk plots. The amount of
inhibition produced by low concentrations of ouabain remains
fairly constant over a wide range of Na concentration (Table
XI). Although it has been suggested that Na might potentiate
the inhibitory action of ouabain, such an effect was not

observed with Na concentrations up to 400 mM in the presence of
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Fig. 12. The Effect of Na Concentration upon the Ouabain-
Sensitive ATP-ase Activity of Red Cell Ghosts in the Presence
of Low Ouabain Concentrations

1/Activity
(umole Pi formed/ml ghosts/hr)

[ | e

0 0.1 0.2

\

1/Na,concentrationﬁﬂﬂ

Assay conditions - K 16 =M, Mg 3 wM, Tris-ATP 2 mM, TES 30 mM,
pH 7.4. (o) total OS-activity () OS-activity in the presence
of 1.25 x 10~7 M ouabain (n) OS-activity in the presence of 2.5
x 1077 M ouabain.
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Fig. 13. The Effect of Na Concentration at Various
K Concentrations upon the Ouabain-Sensitive-ATP-ase
of Red Cell Ghosts
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ﬁa concentration (ﬁM)

Assay conditions - Mg 3 mM, Tris-ATP 2 mM, TES 30 mM,
pH 7.4. (o) K 10 mM (e) K 60 mM (A) K 100.mM.

Fig. 14. Hill Plots of the Ouabain-Sensitive ATP-ase
of Red Cell Ghosts as a Function of Na Concentration
at Various K Concentrations
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Data from Fig. 13. (o) K 10 mM (e) K 60 mM (A) K 100 mM.
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Fig. 15. The Effect of K Concentration upon the Ouabain-Sensitive
ATP-ase Activity of Red Cell Ghosts in the Presence of Low
Concentrations of Ouabain
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Assay Conditions - Na 112 mM, Mg 3 mM, Tris-ATP 1.77 mM, TES 30 mM,
pH 7.4. (0) total OS-activity (e) OS-activity in the presence of

3 ' =1 .
5 x 10 M ouabain (A) OS-activity in the presence of 10 M ouabain.
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Fig. 16. A Double Reciprocal Plot Of the Effect of K Concentration
upon the Ouabain-Sensitive ATP-ase Activity of Red Cell Ghosts in
the Presence of Low Ouabain Concentrations
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Data from Fig.15., (o) total OS-activity (e) OS-activity in the

presence of 5x10 ° M ouabain (&) 0S-activity in the presence of 10‘-7 M

Fig. 17. Hill Plots of the Ouabain- Semsitive ATP-ase Activity
Expressed as a Function of K Concentration
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Data from Fig.15. (o) total OS-activity (e) OS-activity in the
pregence of 5x10 = M ouabain () 0S-activity in the presence of
10 ° M ouabain.
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Table X. The Effect of K Concentration upon the
Inhibition by Ouabain of the Glycoside'-Sensitive'
ATP-ase Activity of Red Cell Ghosts

K concn. (mM) 0.5 1.0 2.0 4.0 6.0 8.0

% inhibition of

the OS-ATP-ase )
by 5 X 10-8 M 69 63 53 35 - 28 22

ouabain

.% inhibition Dby

To-7 M ouabain |2° 77 68 55 45 39

Assay conditions - Na 112 mM, ‘Mg 3 mM, ATP-Tris 1.74
mM, TES 30 mM, pH 7.4. 0.5 mM ouabain added to ob-
tain OI-ATP-ase. :

pable XI. The Effect of Na Concentration upon the
Inhibition by Ouabain of the Glycoside-Sensitive
ATP-ase Activity of Red Cell Ghosts

Na concn. (mM) 1.0 2.0 4.0 5.3; 8.0 16

% inhibition of
the 0S-ATP=ase 92 42 40 34 41 47
by 5 x 1078 M.
ouabain

Assay conditions - K 16 mM, Mg 3 mM, ATP-Tris 2 mM,
TES 90 mM, pH 7.4. 0.5 mM ouabain added to obtain
the OI-ATP-ase.
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16 mM K. However, if the K concentration is lowered to 0.5 mM
an apparent increase in the percentage inhibition is obtained
when the Na concentration is raised from 20 to 205 mM (Tablev
XII).

In contrast, the degree of inhibition at low concen-
trations of ouabain is decreased by raising the K concentration
(Table X), suggesting a type of competitive inhibition by oua-
bain. Plotting the data in Fig. 15 by the method of Hunter and
Downs (82)* did not suggest the existence of two distinct com-
ponents in the inhibition of K activation'by ouabain, as had
been found with the inhibition of K uptake by Na in yeast (144).
In order to obtain more direct information oh the relationship
between K and the glycoside, the Na:K ratio was kept constant
at 7:1 to try to eliminaﬁe any variation in the Na-K interaction,
and the response of the 0S-ATP-ase to increasing K concentration
(oxr Na) was measured under these conditions. In contrast to the
previous plots at constant Na concentration, the Lineweaver-Burk
Plots are now straight lines (Fig. 18) and indicate a competi-

tive inhibition by ouabain.

*In this method, I —%a is plotted against S, where I
and S are the concentrationS of inhibition and substrate,
respectively, and a is the fractional activity (i.e. the ratio
of the activity in the presence of a given concentration of
substrate and inhibitor to the activity without inhibitor at
the same substrate concentration). For competitive inhibition,
a straight line with a slope equal to Ki/Km is obtained with a
Y intercept of Ki. For non-competitive inhibition, a horizont-

al line is obtained with a Y intercept of Ki.
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Fig. 18. The Lineweaver-Burk Analysis of Ouabain Inhibition of Ouabain-
Sensitive ATP-ase Activity of Red Cell Ghosts in the Presence of a
Constant Na:K Ratio of 7:1

700 =

6.0

1/Activity
(umole Pi formed/ml ghosts/hr)

0 ) 0-5 1.0 1-5 2.0
1/K concentration (mM)

Assay conditions - Na:K ratio = 7:1, Mg 3 mM,Tris-ATP 1.77 mM,

TES 30 mM, pH 7.4. (o) total OS-activity (e) OS-activity in the
presence of 5 x 1078 M ouabain (A) OS-activity in the presence

of 10~7 M ouabain. )
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Under certain conditions, Hoffmann (65) found that K
could completely prevent ouabain from binding to red cells (to
which they are known to bind firmly [7]), using the rate of
efflux of 24Na as a measure of glycoside retention. This sug-
gests that the inhibitory effect of the glycosides is médified
by K, preventing them from binding rather than preventing gly-
cosides already bound from acting. Similar experiments were
tried here with the ghost preparation using the ATP-ase activ-
ity as an index of glycoside binding.

In the first type of experiment, outlined in the

following flowsheet, the ghosts were initially'incubated for

Control Control Control + low Control + low
(no K) (60 mM K) ouabain ouabain
\ ‘ \ (no K) (60 mM K)
Assay¥* Assay* Assay¥* Assay?¥*
Wash 2x with Wash 2x with Wash 2x witﬁ Wash 2x with
No.2 Buffer No.2 Buffer No. 2 Buffer No. 2 Buffer
Incubate + Incubate + Incubate s Incubate +
low ouabain low ouabain low ouabain low ouabain
(no K) (no K) {no K) (no K)

*Assay - Rate of ATP-ase as a
function of K concentration
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60 mins in the presence or absence of low ouabain concentra-
tion (5 x 10-8M) and with 60 mM K also present or absent.
With one aliquot of the ghosts, the rate of ATP-ase activity
as a function of K concentration was assayed, whilst a second
aliquot was washed, reincubated with or without ouabain for
60 mins, and once again assayed for ATP-ase activity as a
function of K concentration. If K prevents ouabain binding,
ghosts inifially incubated in the presence of 60 mM K and low
ouabain concentration should retain higher activity than
those incubated initially with low ouabain but no K(providing
that ouabain is not washed off the membrane). With .the ghost
preparation, no difference in ATP-ase activity was found
after the washing stage between ghosts incubated initially in
the presence of ouabain and those incubated in its absence;
nor did exposure to 60 mM K during the initial incubation
have any effect (Table XIII). These results suggest that
either ouabain does not bind firmly to the ghosts or else it
is removed during the washing procedure.

In contrast, Hoffman (65) found that the glycosides
were retained by red cells during the washing pfocedure and
that initial exposure to 60 mM K completely prevented the
glycoside from binding.

An alternative procedure was tried in which the order
of addition of K and the glycoside to the ghosts was changed;
viz. the ghosts were preincubated for 30 mins with (a) K
alone, ouabain being added at the start of the ATP-ase assay;
(b) both K and ouabain together; (c) ouabain alone, K being

added at the start of the ATP-ase assay. No difference in the



Legend to Table XIII.

A - Ghosts were preincubated in the absence of K, with or
without 5x10°M ouabain present, for 60 minutes at 37°C.
ATP and K were then added and the ATP-ase activity
assayed.

B - Ghosts were preincubated in the absence of K for 60
minutes at 37°C, washed twice with 10 volumes of No.2
Buffer and the ghosts made up to their original volume in
No.2 Buffer. The ghosts were then xeincubated in the
absence of K, with or without 5x10°M ouabain present, and
then K and ATP added and the ATP-ase activity assayed.

C - As B but 5x10°M ouabain present during the initial
incubation. ' .

D - As A.

E - As B but 60 mM K present during the initial incubation.

F - As C but 60 mM K present during the initial incubation.
The basic incubation medium contained 100 mM Na,

3 mM Mg, 30 mM TES, pH 7.4. ATP, K, and ouabain were added

where necessary., The QI-ATP-ase was assayed in the

presence of 5x10*M ouabain.
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degree of inhibition by ouabain was found as a result of édd-
ing K and ouabain at thése different times, suggesting that
the glycoside does not bind as firmly to ghosts as it does to
red cells (Table XIV). Using this procedare with red cells,
Hoffman was able to show that the rate of 24Na efflux from .
the cells decreased in the order, K before ouabain » K with
ouabain, > ouabain before K, indicating that K prevents the
binding of the glycoside.

The relationship between Mg concentration and ATP-ase
activity at several ATP concentrations can be seen in Figs.
1934, B and C (activity obtained by measuring the amount of
ADP formed after terminating the reaction with TX-100). From
these data, a plot of activity as a function of Mg:ATP ratio
(Fig. 21) suggests that the optimal ratio probably does not
significantly differ from 1. A similar series of curves
depicting the relationship between ATP concentration and activ-
ity at several Mg concentrafions can be seen in Figs. 20B, C,
and D. Under these conditions, optimal activity is obtained
at a Mg:ATP ratio of 1.0 at all Mg concentrations (Fig. 22):7
Fig. 20A is a plot of rate as a function of Mg:ATP concentra-
tion when the ratio is kept constant at 1.0.

Lineweaver-Burk analysis of the effect of Mg and the
effect of ATP upon the rate of ATP-ase activity produced
straight line plots, and n values obtained from Hill plots were
close to unity. Table XV shows the K.m values for Mg at differ-
ent ATP concentrations, and Table XVI the Km values for ATP at

different Mg concentrations.



~64-

‘Pable XIV. The Effect of the Time of Addition of
Ouabain upon the Inhibition of Red Cell Ghost ATP-ase
Activity

Type of ATP-ase
activity. jmole/ml

K concentration during
ATP-ase assay (mM)

ghosts/hr. 1.0 | 2.0} 6.0 30.0
Total activity 1.45 1.58 1.85 1.79
K before 5x107EM ouabainf1.17| 1.40| 1.62] 1.71
K with 5x10~8M ouabain |1.22| 1.33| 1.60| 1.73
K after 5x10 °M ouabain |1.17| 1.35| 1.61] 1.7
OI-activity 1.01] o0.99| o0.98| o0.97

ATP-ase assay conditions - Na 100 mM, Mg 3 mM, Tris-ATP
2 mM, TES 30 mM, pH 7.4. O. 5 mM ouabaln added to obtain

the OI—act1v1ty
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Fig. 19. The Effect of Mg Concentration upon the ATP-ase
Activity of Red Cell Ghosts at Various ATP Concentrations
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Assay conditions - Na 100 mM, K 16 mM, TES 30 mM, pH 7.4.
(o) glycoside absent (e) ouabain 0.5 mM (A) the difference
between the two curves representing the ouabain-sensitive
component. Fig. 19A - ATP constant at 2 mM; Fig., 19B - ATP
constant at 1 mM; Fig. 19C - ATP constant at 0.5 mM.
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Fig. 20. The Effect of ATP Concentration upon ATP-ase
Activity of Red Cell Ghosts at Various Mg Concentration
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Assay conditions - Na 100 nM, K 16 mM, TES 30 mM, pH 7.4. (o)
glycoside adsent (o) ouabain 0.5 M (A) the difference between

the two curves representing the OS-activity. Fig. 20A - Mg:ATP
ratio maintained constant at 1:1; Fig. 20B - Mg constant at 2.0mM;
Fig. 20C - Mg constant at 1.0mM; Fig. 20D - Mg constant at 0.5mlM
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Fig. 21. The Effect of Mg:ATP Ratio as a Function of ATP
Concentration upon the 0S-ATP-ase Activity of Red Cell Ghosts.
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Data taken from Fig. 19 A, B, and C. (o) ATP constant at 2mM
(o) ATP constant at lmM (&) ATP constant at 0.5mM

Fig. 22. The Effect of ATP:Mg Ratio as a Function of Mg
Concentration upon the OS-ATP-ase Activity of Red Cell Ghosts
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Data taken from Fig. 20 B, C, and D. (o)Mg constant at 2mM
(e) Mg constant at 1lmM (A) Mg constant at 0.5mM
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Table XV. K. Values of Mg for Red Cell Ghost
ATP-ase at Various: Concentratlons of ATP
ATP ATP ATp
0.5 mM 1.0 mM 2.0 mM
‘0s-aTP-ase | .1, 0.36 0.45
Ky (mM) - . ,
OI-ATP-ase |
0.20 0.26 0.80
Ky (mM)

Data obtained from Lineweaver-Burk analy51s

~of Flgs. 19 A, B and C.

Table XVI.

Ky Values of ATP for Red Cell Ghost
ATP-ase at Various Concentrations of Mg

, Mg : . Mg Mg Mg: ATP
0.5 mM 1.0 mM 2.0 mM | 1l:1
OS-ATP-ase
Ky (mM) 0.33 0.38 0.42 0.24
OI-ATP-ase :
Km (mM) 0.02 0.05 0.14 0.32

Data obtained from Llneweaver-Burk analysis
of Figs.20 A, B, C and D.



Flg. 23 shows the effect of ATP concentratlon upon

~the ATP-ase act1v1ty at three dlfferent pH values. ‘The opt1-7"'

. mum pH appears to 11e betweenﬁl
| 'Burk plots were obtalned at pH 7 4 and 8 2 At pH 6 5 the

plot was sllghtly curved and analysls by means of the H111

equatlon gave an n value of l 4

4'and 8 2 Llnear Llneweaver-‘_ff
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SECTION II

The Effect df Ca1c1um ”1on the ATP—ase Act1v1t
‘ ' of Reconstltuted Cells '

The Effect of Ca1c1um Upon the Osmotlc Haem01281s '
- o of Erzthrocztes F ; SR

In 6raerﬂto;try't0‘locate the‘site’of.actioniof Ca
with respect to erythrccyte_ATP-aee activity, reconstituted
eells were prepared into which CaeWas.intreduced at the time
of haemolysis. By cohparing the ATP-ase'activity of these
cells with recohstituted cells which did not contain Ca but
whose surrounding medium contained Ca, the effects of both
'internal'’ and,'externel' Ca upon the components of ATP-ase
activity could be’determined.'

Initial experiments showed thet the ATP-ase activity
of reconstituted cells was qualitatively the same as that of
the membrane preparation. For a given quantity‘of cells
(containing approximately 2 mmoles ATP/litre cells), the rate
of formation of phosphate increased linearly with time for at
least 30 mins, and for a given period of time, the amount of
phosphate formed was proportional to the volume of cells
present.

In Table XVII, the hydrolyeis'ef'ATP by two types of
reconstituted cells is compared. Into the cells of type (1)
Mg-ATP was incorporated at the time of haemolysis, whereas Mg
alone was incorporated into the cells of type (2) . However,
ATP was added to the medium in which cells of type (2) were
assayed but not to the medium for cells of type (l1). Type (1)
cells, in which ATP is intracellular, hydrolyse ATP at a much

-71-
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faster rate than cellstof type'(2)'in*which the ATP is ektra-?t'p.»

cellular. Further, the ouabaln-sensatlve ouabaln-lnsensltlve‘
ratlo (OS OI) 1s much larger in the case of cells of type (1)
than type (2). There was no phosphate fbrmatlon when cells
reconstituted in the absence of ATP were 1ncubated in an ATP-

' free medium. Table XVII also shows.the effect of adding EDTA
to the assay medium of hoth types ofrceil The concentratlon
of EDTA was of the same magnltude as the Mg in the medlum. A
reduction in total activity of both types of cells occurred,
with a more marked inhibition of the OI-ATP-ase, thus raising
the 0S:0I ratio.

Although the progress curve of phosphate formation
was linear for at least 30 mins; it was observed that in some
experiments in which the cells had high ATP-ase aetivity, the
amount of ATP incorporated into the cells was not enough to
account for the amount of phosphate formed (aseuming ATP was
being hydrolysed only to ADP).

As can be seen in Fig. 24, the rate of phosphate form-
ation is higher than the apparent rate of ATP loss. Theoreti-
cally, after 40 mins all the ATP should have been removed:
however, the cells still contained a concentration of ATP 30%
of the starting level. The ATP is being removed at slightly
more than half the rate of phosphate formation. This suggests
that the cells are either utilising ADP, or that some ATP syn-
thesising process is occurring. The presence of adenylate
kinase in the membrane has been reported (83) and might well

account for the reduced rate of ATP loss.
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Fig. 24. Progress Curve of Phosphate Formation and
ATP Loss in Reconstituted Cells

¥
N
1

(o) decrease in ATP mmole/litre cells

(o) mmole Pi released/litre cells

’ 0 : 1 : (] 1 .
0 25 - 50 75 100

Time  (mins)

Assay conditions - Na 110 mM, K 16 mM, Mg 2 mM, Tris 20 mM,
pH 7.4. ATP concentration at the begining of the experiment
(i.e. at time 0) = 1.75 mmole/litre cells.



'Viz. . .
ATP —5 ADP +Pi
2ADP  _ - ,‘,A':p + AMP
Although the enzymes of the glycolytlc pathway are also
reported (84,85) to be in the membrane, the concentratlon of
their substrates would be too low to allow them to partlclpate
in any significant ATP synthesis. o

Reconstituted cells containing varyihg amounts of
calcium were prepared by haemolysing erythroéYtes in Mg-ATP
solution containing appropriaté amounts of Ca, foliowad by
the rssealing procedure outlined on page- 23, The results of
such an experiment can be seen in Table XVIII and Fig. 25.
The final Ca ion content of the cells was somewhat lower than
that in the haemolysing fluid. The cell ATP, with one excep-
tion, and the haemoglobin content of the cells, also with one
exception, were reasonably constant throughout the Ca range
used. Calcium can be seen to produce a ten-fold activation
of the OI-ATP-ase at a concentration of 7.5 to 10.0 mM, fol-
lowed by a decrease in activity abové this concentration. As
with the membrane preparation, the 0S-ATP-ase appears to be
inhibited at all Ca concentrations. Howevef, the concentra-
tion of Ca necessary to produce these effects in reconstituted
cells is about 10 times higher than that required to produce
similar effects in the membrane preparation.

That calcium apparently exerts its effects from within

the cell membrane can be seen from Table XIX and Fig. 26.
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Fig. 25. The Effect of 'Internal' Ca upon the
ATP-ase Activity of Reconstituted Ghosts
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Fig. 26. The Effect of 'External' Ca upon the
ATP-ase Act!vity of Reconstituted Ghosts
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Assay conditions - Na 110 mM, K 16 mM, Mg 2 mM, Tris
20 mM, pH 7.4. (o) glycoside absent (o) oubain 0.12 mM
(A) the difference between the two curves representing
the ouabain sensitive component. Semi-log scale.
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Calcium was not incorporated‘ihtd these.cells at the time of
hagmolysis, but insﬁead was added to the medium in which thev
cells were suspended. In contrast to intracellular Ca, extra-
cellular Ca had little effect updn the ATP-ase activity.
There was a slight"actiﬁation qf.fhe OI-component at the
higher concentrations, poésibly due to a slight leakage of
calcium through the membrane, However, no real change in the
OS~fraction was observed. |

It has been suggested that the inhibitory action of
calcium may depend upon a competition between Ca and Mg (17).
In order to explore this possibility in reconstituted cells,
the effect upon the ATPase activity of lysing the cells in
7.5 mM CaCl, at two different MgCl, concentrations was com-
pared (Table XX). The comparison is not strictly valid since
at the higher Mg concentration, the presence of Ca seems to
reduce the ATP content of the cells. However, no real indi-
cation of an alleviation of the inhibition by Ca of the 0S-
component was observed. 1Indeed this component is completely
inhibited at the higher Mg concentration. Although the 0OI-
component is somewhat lower at the higher Mg concentration,
Ca produces about the same degree of activation at both Mg

concentrations.

II. The Effect of Ca upon the Osmotic Haemolysis of
Erythrocytes

During the preparation of reconstituted cells, it was
observed that the cells were less readily haemolysed in the

presence of calcium than in its absence; i.e. the rate of
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Table XX. The Effect of 'Internal' Ca at Two Different
Levels of Mg on the ATP-ase Activity of Reconstituted Cells

. Activity
pmoles/cell/hr . Cells. Cells Cells . | Cells
x.10"10 (1) (2) (3) (4)
Total activity | 2.91 6.80 2.35 | 3.15
oI 1.26 6.45 | 0,91 4.33
0s | 1.65 0.35 1.44 o
ATPp mmoles/litre| 1.89 2.48 1.99 0.99
r cells .

Assay conditions - Na 110 mM, K 16 mM, Mg 2 mM,
Tris 20 mM, pH'7.4. 0.12 mM ouabain added to
obtain the OI-activity. '

Cells (1) - haemolysed and reconstituted in 4 mM
ATP:4 mM.Mg '
Cells (2) - haemolysed and reconstituted in 4 mM
' ATP:4 mM Mg + 7.5 mM Ca
. Cells (3) - haemolysed and reconstituted in 4 mM
' ATP:10 mM Mg
Cells (4) - haemolysed and reconstituted in 4 mM |
ATP:10 mM Mg + 7.5 mM Ca '
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haemolysis .appeared siower in the presence of calcium. 1In
view of this observation, the effect of calcium upbn the
osmotic haemolysis of erythrocytes was investigated. The
blood was usually collected into EDTA,.thé plasma and white
cells were removéd, and the red cells waéhed four times witﬁ
1% NaCl solution. 'The cells were finally suspended in 1%
buffered NaCl solution (4 parts 1% NaCl solution 4 1 part
0.15 M Tris, pH 7.4 - called for convenience, 1% NaCl) to
give a 50% haemaéocrit. The opacity.at 660 my of a suspen-
| sion of red cells in the appropriate buffered NaCl solution
(6 ml of solution containing 20 pl of the 50% suépeﬁsion)
was used as a measure of the amount of haemolysis present.
The opacity was measured in a.Beckman DU spectrophotometer
equipped with a Gilford Model 220 Absorbance Indicator,
using a 1 cm light path. The opacity was thus expressed in
absorbance units, the apparent absorbance being composed of
the light absorbed and the light scattered. The apparent
opacity depends not only upon the number of cells present,
but also upon their shape and volume. |

Cells suspended in .1% NaCl solution were used as a
control, and taken to represent 0% haemolysis, whilst the
absorbance of the cells in distilled water was taken as
100% haemolysis. Nine minutes after adding the cell suspen-
sion to the saline solution, the constancy of the opacity
value indicated that haemolysis had virtually ceased. The
degree of haemolysis was also determined by measuring the

amount of haemoglobin in the supernatant of a cell suspension
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after removing the cells by cenirifugation;"This method“éaﬁe
results qualltatlvely 81m11ar to those of the opac1ty method.
However, since the “haemoglobln method" ‘was less convenlent
the- opaclty method was routinely used.except where otherw1se
stated. | | | | :

The effect,of three different caicium‘concentrations‘
upon the amount of haemolysis in eevefal NaCl conoentrations
can be seen in Table XXI and Fig. 27. As a control,'saline
containing an equi-osmolar amount of cholihe chloride was
used. However, as can be seen in Fig. 27, at this concentra-
tion of choline chloride, salinef:lone and saline + choline
chloride produce almost identical curves. It was found that
the amount of haemolysis is markedly reduced by the presence
of calcium in low concentration. Even concentrations as low
as 0.08 mM exert an effect of this type. The effect of cal-
cium is most marked in concentrations of saline producing up
to 80% haemolysis; when 90% or more haemolysis is present,
‘calcium has little effect. Magnesium ions did not reduce
haemolysis at all (Table XXI). The same phenomenon was
observed with heparinised blood, indicating that the effect
of Ca was not merely due to a removal of Ca by the EDTA into
which the blood was usually collected. The results of an
experiment to investigate the possibility that Ca was lost
from the membrane during the initial washing of the cells in
NaCl solution can be seen in Table XXIII. Washing does not
appear to affect either the susceptibility to haemolysis or

to the effect of added Ca.
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Fig. 27. The Effect of Calcium upon the Osmotic

Percent haemolysis

100

-0

Haemolysis of Erythrocytes

0.5% 0.4% 0.3% 0.2% 0.1% 0

NaCl Solution %

(o) Saline alone (o) Saline + 12 mM choline chloride
(A) Saline + 0.8 mM calcium chloride
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EDTA had no effect upon the haemoly81s of the control
suspension, but in the presence of Ca, EDTA not only prevented
'the antl-haemolytlc action of this Ca but also 1ncreased the
amount of haemolysis at any partlcular NﬁCl solution (Table
XXII). |

That the effects of calcium were not merely due to
changes in cell volume or opacity were confirmed by the foilewb
ing oBservations.

a) The opacity of the cell suspension (20 pl of‘SO%
suspension per 5 ml saline) in 1% saline containing either 1.2
mM choline chloride or 0.8 mM CaCl, was the same. |

b) After allowing the cell suspension in 0.4% NaCl
solution to equilibrate for nine minutes, 20 pl of 200 mM
Ca012 was added to produce a final concentration of'0.8 hM.

No change in opacity upon addition of the strong CaCI2 took
place. o

c) After allowing a cell suspension in 0.4% NaCl sol-
ution to equilibrate for nine minutes (containing either 1.2
mM choline chloride or 0.8 mM CaClz), the suspension was
restored to isotonic by the addition of 150 pl of 3 M NaCl

solution. The following results were obtained.

Absorbance of suspension a. Before restoring to
in 0.4% NaCl + choline isotonic = 0,363
chloride

b. After restoring to
isotonic = 0.435

Absorbance of suspension a. Before restoring to
in 0.4% NaCl + 0.8 mM isotonic = 0.605
CaCl2

b. After restoring to
isotonic = 0.708
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The small 1ncteases 1h absorbance (a te b) are due to shrink- ,l
age of the cells upon restorlng the solutlon to 1soton1c. The:"
1arge dlfferencerln absorbance between the suspenslon-contaln-~

ing Ca and the suspen51on w1thout Ca is due to the 1ncreased
haemoly51s in the absence of Ca. '

One way by which Ca might 1nh1b1t the osmotic. haemol—
ysis of erythrocytes would be by inducing a selective loss of
K from the cells without a concomitant gain of Na. Such a net
loss of cation‘would produce a shrinkage of the. cells, thus
necessitating a greater change in cell volume in these cells
compared to the control before reaching the critical haemoly-
tic volume and the onset of haemolysis. Table XXIV and Figs.
28 and 29 show the results of an experiment designed to test
this hypothesis.

No detectable K was lost from eithe: suspension until
haemolysis began to occur. Although the cells suspended in
Ca solution have apparently lost more K than the control cells
for any given degree of haemolysis, the mean cell volume of
the cells in both suspensions is virtually the same at all
tonicities. Ca also appears to have little effect upon the
critical haemolytic volume of the cells. In a plot of packed
cell volume against the corresponding degree of haemolysis,
the values for both control and Ca-exposed cells fall along
the same straight line, suggesting that Ca has little effect
upon the cell volume. These results may be compared with
those in Table XXV in which the effect of the antibiotic

Valinomycin upon osmotic haemolysis was determined.



Legend to Table XXIV.

Experimental conditions ~ 200pl of red cell suspension (an
approximately 50% haematocrit in 1% buffered saline) was
mixed with 4 mls of buffered saline of the required tonicity
and the mean cell volume of a 1 in 100,000 suspension of
these cells inll% buffered saline was immediately obtained
by means of a ~MCV(mean cell volume) computer attached to

a Coulter Counter. The volume of unhaemolysed cells in

the suspension was obtained by centrifuging 3 mls of the
suspension in a Bauer-Schenk haematocrit tube at 100 x g

for 15 minutes and reading off the volume. of the packed
cells. The degree of haemolysis was determ%ned by measuring .
the haemoglobin in the supernatant fluid. “The K lost from
the cells during the haemolysis procedure was obtained by
measuring the K content of the supernatant fluid by means

of an EEL Flame Photometer. : ;
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Fig. 28. The Effect of .Ca upon the Amount of K Released from Red
Cells at Various Stages of Haemolysis : :

100 r
80
60 -

40

% Haemolysié

20

0 . 1 s
0 1.0 2.0 3.0

‘Concentration of K in supernatant (mM)

Data taken from Table XXIV. (o) control (e) Ca present

Fig. 29.. The Effect of Ca upon the Relationship between the Amount
of Haemolysis and the Packed Volume of the Cell Suspension
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L | o
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)
';]‘ .
'5,60 -
g
S 40
fev]
3
20 o
0

0 0.02 0.04 0.06 0.08 0.10

Volume of packed cells in 3mls of suspension (mls)

Data taken from Table XXIV. Only data in which the cells
have reached or passed -their critical haemolytic volume are
plotted. (o) control (g) Ca present.
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Table XXV. The Effect of Valinomycin upon the Osmotic
Haemolysis and Mean Cell Volume of Erythrocytes

Control Conﬁrol~+v10f5M

Valinomycin¥*
% NaCl | % Mcy % | mcy
- solution |haemolysis n3 haemolysis no
1.00 o o : 101 1.0 - - 80
0.60 0 172 1.2 | 96
0.55 10 188 2.5 94
0.40 100 165 4.0 100

Experimental conditions - the red cell suspensions (an
approximately 50% haematocrit in 1% buffered saline)
were incubated at room temperature for 3 hours in

the presence and absence of 10~5M Valinomycin¥. The
Valinomycin was added as a methanolic solution in a
volume 1/100th of the cell suspension. An equal
volume of methanol was added to the control suspension.
After incubation 2001l of cell suspension was mixed
with 4 ml of buffered saline of the required tonicity
and the mean cell volume of a 1 in 100,000 suspension
of the cells in 1% buffered saline was immediately
obtained by means of a cell volume computer attached
to a Coulter Counter. The degree of haemolysis was
obtained by the haemoglobin method. :

*The Valinomycin was kihdly donated by Dr T.C.MacDonald,
Prairie Research Laboratories,Saskatoon, Saskatchewan.
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Valinomycin ié known to produce a selective K‘1099 from red

cells with a consequent reduction in ceil_voluhe (86). as |
can be seen in Table XXV, these changes markédly inhibit the
susceptibility to osmotic lysis of cells exposéd to Valino-

mycin. The effect of Valinomycin #éon thevcriticai haemoly~-
tic volume of the cells is not known since even at 0.4% NaCl
solution, only 4% leis had occurred.

It was not possible to correlate the cell count
obtained in the Coulter Counter with the degree of lysis
since the total count changed little over the tonicity -range
used (presumably both erythrocytes and ghoétsAwere being
counted at the settings used: 50@ aperture, lower threshold
of 10, upper threshold of 100, aperture current set at 1/APC
= 2, amplitude set at 1/AMP = 1, and the gain‘trim % 50).
However, a count of a mixture of ghosts and erythrocytes in
1% saline was not found to be additive when compared to the
individual counts of the two types of cells in the same med-

ium (87).



~ SECTION III

A Comparison of Erythrocyte Membrane ATP-ase
and Erythrocyte Membrane Phosphatase

This secfion contains a compariéoh dflfhe AﬁP—ase and
phosphatase activity'of erythrothe‘membrane‘to try and estab-
lish whether or not ihe properties of the phoSphataée are com~
patible with its proposed role as a part of the ATP-ase system
and thus the cation transport mechanism. |

Both phosphatase and ATP-ase activifies are located in
the membrane of the red cell. The effect of prolonged waahing
of the prepared membranes upon these twp activities can be
seen in Fig. 30. These particular membranes were actually
fragmented ghosts, havidg been. previously exposed to a buffer
of low osmolarity (lesé than 10 mOsm). Washing produces a
rapid loss of membrane protein accompanied by a loés of both
phosphatase and ATP—ase activity. The percentage loss of
activity was the same for both activities over this washing
period. It is also noteworthy that the two components of each
type of activity are lost at the same raté. Fig. 31 shows
that when intact ghpsts prepared in 30 mOsm and 60 mOsm buffers
are washed in water, the disruption of the ghosts is accompan-
ied by a small increase in activity.

The effect of Mg ions upon the ATP-ase and phosphatase
activity of red cell ghosts is shown in Fig. 32 and 33,
respectively. The presence of Mg is mandatory for ATP-ase
activity, whereas a significant amount of phosphatase activity
is present even in its absence. The phosphatase activity which

-91-
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Fig. 30. The Effect of Washing upon the ATP-ase and Phosphatase
Activity of Red Cell Ghosts _

mg protein/ml of ghosts

e
e

Activity - umole Piiformed/ml ghosts/hr

No. of washes

The ghosts were washed the requisite number of times in 20 vols.
of a solution containing 4.5 mM TES, pH 7.4, and then the residue
made up to the original volume of the cells. (o) OI-ATP-ase acti-
vity (A) 0S-ATP-ase activity - assayed in Na 100 mM, K 16 mM, Mg -
3 mM, ATP (Tris) 12 mM, TES 30 mM, pH 7.4. (e) Mg-activated phos-
phatase activity (A) K-activated phosphatase activity, assayed in

K 10 mM, Mg 7 mM, PNPP (Tris) 3.8 nM, TES 30 mM, pH 7.4, Phosphatase
activity expressed as pmole Pi formed/ml ghosts/ hr although
actually measured as ymole PNP formed.
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Fig. 31. The Effect of Washing upon the ATP-ase Activity of
of 'Intact' Red Cell Ghosts

mg protein/ml ghosts

2.65 1.50 0.71 0.34 0.25
1.4 ! !

T - S
0 L L 1 ~=4

0 2 4 6 8

No. of washes
Assay conditions - Na 100 mM, K 16 mM, Mg 3 mM, ATP 2 mM, TES
90 mM, pH 7.4. (o) total ATP-ase activity (e) ouabain 0.5 mM
(A) difference between the curves representing the OS-activity.
The ghosts were washed the requisite number of times in 20 vol.
of a solution containing 20 mg Tris/750 ml pH 7.4 and the residue
made up to the original volume of the cells. ’ '

Activity - pmole Pi formed/ml .ghosts/hr
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Fig. 32. The Effect of Mg Concentration upon the ATP-ase
» Activity of Red Cell Ghosts

~ Activity
pmole Pi formed/ml- ghosts/hr

0 3.0 6.0
Mg concentration (mM)

Assay conditions - 100 nM, K 16 mM, ATP 2 mM, TES 30 mM, pH
7.4. (o) glycoside absent (e) ouabain 0.5 mM (A) the differ-
ence between the two curves representing the ouabain-sensi-
tive component. :

Fig. 33. The Effect of Mg Concentration upon the Phosphatase
' Activity of Red Cell Ghosts

0.25¢
0.20

0.15

Activity
pmole PNP formed/ml ghosts/hr

0.1

~ 0 5 10 15
Mg concentration (mM)

Assay conditions - PNPP 5 mM, TES 30 mM, pH 7.4.



was present 1n the absence of Mg was actlvated about 40% by
small concentratlons of EDTA (0 17 mM) | |

Both ATP-ase and phosphatase act1v1ty are actlvated
by K ions. The ATP-ase is actlvated by K 1ons, however, only
when Na is also present- 1n the absence of Na, the act1v1ty
remains at the ba51c Mg-dependent level - The phosphatase
activity is activated by K alone 1n the absence of Na. The
activation of Amease and phosphatase act1v1ty by K can be
seen in Flgs. 34 and 35, respectlvely. ‘The K of K for the
ATP-ase’ reactlon under optlmal condltlons 1s about 1 3 mM,
although the K value is very dependent upon the Na:K ratlo,
rather than upon the absolute amount of elther ion.  'The Kh
of the phosphatase reactlon is. of a sxmllar ‘magnitude, 4.0 mM.

“The effect of Na upon ATP—ase and phosphatase act1v1ty
can be seen- in Flgs. 36 and 37, respectlvely. Only the ATP-
ase is actlvated by’ Na 1ons, but K 1ons must also be present
to obtain actlvatlon. In the absence of K, the act1v1ty
remains at the basic. Mg-dependent level In contrast, the
phosphatase actlvity 18 1nh1b1ted at all Na concentratlons,
complete 1nh1b1tlon of the:K}dependentwaCtiVityv(the differ-
ence between the.activity'occurringfinlthe presence of K + Mg
and that in the presence of'ﬁg alonel‘occurring at about 100
mM Na. The basic'Mg-dependent:phosphatase'activity is also
susceptible to inhibition bysﬁa.

The cardiac glycoside ouabain cOmpletely inhibits the
activation of the AiP—ase by Na plus K and also the activation

of the phosphatase by K. In~both cases, the activity is
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Fig. 34. The Effect of K Concentration upon the ATP-ase
‘ Activity of Red Cell Ghosts

H 4
~
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K concentration (mM)

Assay conditions - Na 100 mM, Mg 3 mM, ATP 2 mM, TES 30 mM, pH 7.4.
(o) glycoside absent (e) ouabain 0.5 mM.

Fig. 35. The Effect of K Concentration upon the Phosphatase
Activity of Red Cell Ghosts

0.26.
0.24

0.22

0.20

formed/ml ghosts/hr

Activity

0.18
0 10 20 30 40

K concentration (mM)

ymole PNP

Assay conditions - Mg 7 mM, Tris-PNPP 5 mM, TES 30 mM, pH 7.4.
(o) K present (o) Mg alone.
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Fig. 36. The Effect of Na Concentration upon the ATP-ase
Activity of Red Cell Ghosts
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Assay Conditions - K 16 mM, Mg 3 mM, Tris-ATP 2mM, TES 30 mM,
pH 7.4. (o) glycoside absent (e) ouabain 0.5 mM.

‘Fig. 37. The Effect of Na Concentration upon the Phosphatase
Activity of Red Cell Ghosts
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0.20
0.18
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Activity
mmole PNP formed/ml ghosts/hr

0.14

1 1 1 ’
0 30 60 90 120 150
Na concentration (mM)

Assay Conditions - K 10 mM, Mg 7 mM, Tris-PNPP 5 mM, TES 30 mM,
pH 7.4. (o) K present (o) K absent.
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lowered to,thefieﬁei;obtainedvin thevpresence'of'Mg ions
';alone (Figs.»38'and 39) The. sllght dlfference between the |
‘}act1v1ty in the presence of Mg alone and that 1n the presence
of hlgh concentratlons of ouabaln 1s probably due to. tracesi
of Na and K 1n the medlum. waever, the-ATP-ase and phospha-
tase dlffer in the;r susceptlblllty to ouabaln, the ATP—ase
reaction being more readlly 1nh1b1ted than the phosphatase,

as can be seen;from thelr respectlve Ky valuesvof;Z x 10 7M

and 107oM. |

The effect of‘Ca’ions upon:ﬁhe enzyme activities can
be seen in.Figs.'401and 41. Both ensymes are inhibited by
the presence of small concentrations of:Ca.-°The OI-ATP-ase
is markedly stimulated before belng 1nh1b1ted whereas the
OS-ATP-ase is 1nh1b1ted at- all Ca concentratlons. No stimu-
lation of the Mg-dependent'phosphatase act1v1ty by Ca ﬁas
observed, both components of phosphatase act1v1ty being
1nh1b1ted at all Ca concentratlons.. The OS-ATP-ase and the
K-dependent phosphatase were very similar in their suscepti-
bility to Ca, the Mg-dependent phosphatase activity, howener,
remained very resistant to-inhibition.by Ca, even at concen-
trations of 100 mM.

Eluoride.is a little known, yet potent inhibitor of.
red cell ATP-ase and phosphatase actiVity. Its effects have -
therefore been investigated in a little more detail. The
effect of NaF upon the ATP-ase activity of red cell ghosts
can be seen invFig. 42, CompLete inhibition of activity was

obtained with 1.0 mM NaF under the ‘'usual’ assay conditions,
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Fig. 38. The Effect of'Ouabain upon the ATP-ase Activity
of Red Cell Ghosts
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Assay conditions - Na 100 mM, K 16 mM, ATP 2 mM, TES 30
mM, pH 7.4. (o) Total activity (e) Na + K absent. Semi-
log scale.

Fig. 39. The Effect of Ouabain upon the Phosphatase Activity
- of Red Cell Ghosts

0.30 [

0.20

"~ Activity
pmole PNP formed/ml ghosts/hr

0.15 L ! ! '

o 107 1074 1073 1072

Ouabain concentration (M)

Assay conditions -~ K 10 mM, Mg 7 mM, PNPP 5 mM, TES 30 mM, pH
7.4. (o) K present (o) K absent., Semi-log scale.



Fig. 40.

Hmole Pi formed/ml ghosts/hr
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The Effect of Calcium updh the ATP-ase Activity
of Red Cell Ghosts

1 |\~~—-"'j

e

.0 0,01 0.1 1.0 10.0

Ca ' concentration (mM)

Assay conditions - Na 100 mM, K 16 wM, Mg 4 mM, ATP 2 mM,
TES 30 mM, pH 7.4. (o) glycoside absent (@) ouabain 0.5
mM (A) the difference between the two curves representing
ouabain-sensitive activity. Semi-log scale.

Fig. 4l1. The Effect of Calcium upon the PhOSphatase Activity

Hmole PNP formed/ml ghosts/hr

i

- of Red Ce11 Ghosts

A ~~~_- ~A

o L L 3
0.01 - 01 1.0 10.0 100480

Ca concentration(mM)

Assay conditions - K 10 mM, Mg 7.0 mM, PNPP 5 mM, TES 30 mM, pH
7.4. (o) K present (e) K absent (A) difference between the two
curves representing the K -activated component. Semi-log scale.
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tnut as wiil'be"seen later, thisiis'dependent‘ubon the Mg con-
centration. As 1s the case w1th many ATP—ase inhibitors, the |
os-component is the most readily 1nh1b1ted ' ' |

Fig.- 43 shows the effect of Mg concentration upon the
amount of inhibition produced by a constant amount of NaF
Only a small amount.of inhibition is observed,when the concen-
trations of'ATP'and'Mg are the same, i.e. at.2,b mM, but a
marked increase in the degree,of inhibition occurs as the Mg
concentration is increased. The effect is particularly marked
in the case of the oé-component A similar effect is observed
when the ATP concentration is decreased, 1ncrea81ng the concen-
tration of free Mg (Table XXVI). When the Mg:ATP ratio is less
than one, little inhibition occurs (Table XXVII.) The presence
of NaF did not affect the estimation of activity by phosphate
determination since the same degree of inhibition was obtained
when the activity was determined as ADP formed.

In contrast to its effect on enolase (88,89), the pre-
sence of phosphate does not appear to affect the‘amount of
inhibition produced by NaF (Table XXVIII). Calcium also has
little effect upon the inhibitory power of NaF, though only
low concentrations of Ca could be used because of the inhibi-
tion produced by calcium itself (Table XXIX). High concentra-
tions of fluoride which have a marked effect upon the cation
permeability of red cells (90,91,92) do not appear to have a
permanent effect upon the ATP-ase activity of the membrane.

In one experiment, the ghosts were incubated for 30 minutes at

37°C in the presence of 40 mM NaF. After dialysing free of NaF,
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Fig. 42. The Effect of NaF upon the ATP-ase Activity of Red Cell"‘ Ghosts

Activity
vmole Pi formed/ml ghosts/hr

0 0.5 1.0

NaF . concentration (mM)

- Assay conditions - Na 100 mM, K 16 mM, Mg 3 mM, ATP 2 mM, TES 30 mM,
pH 7.4, (o) glycoside absent () ouabain 0.5 mM (A) the difference
between the two curves representing the ouabain-sensitive component.

Fig. 43. The Effect of Mg Concentration upon the Inhibition of Red
Cell Ghost ATP-aseby NaF

Activity
pmole Pi formed/ml ghosts/hr

2 4 6 8 10
Mg concentration (mM)

Assay conditions - Na 100 mM, K 16 mM, ATP 2 mM, TES 30 mM, pH 7.4.
(A) OS-activity in the absence of NaF (A) OS-activity in the presence

 of 0.3 mM NaF (o) OI-activity in the absence of NaF (o) OIl-activity
in the presence of 0.3 mM NaF.
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the ATP-ase activity was theISame_aS'the control value;

Like the ATPrase,xthe phosphatase activity of red éell
ghosts is also inhibitea;by NéF, a1£h6ﬁgh'the iatter enzyme is
not as readily inhibited as the ATP-ase (Eig.r44). waévér,.‘
as in the case of the ATP-ase, the inhibition has a mdre ﬁarked
effect upon the Késensitive component thén upbn the Mg-sehsitive
component. In contrast to the ATP-ase, raising the Mg cohcen-
tration produces little increase in the degree of inhibition
by NaF (Table XXX).

There is a marked difference between'tﬁe optimal pH
for ATP-ase activity and that for phosphatase activity (Figs.
45 and 46). All components of the ATP-ase have an optimum pH
between 7.4 and 8.2, whereas the components of the phosphatase
have an apparent optimum of pH 6.0. A slight rise in the activ-
ity of the cation—independent phosﬁpgtase above pH 9 was
observed. -

If, as has been suggested, the phosphatase activity
represents the terminal reaction in the ATP-ase cycle, it is
reasonable to expect a competitive inhibition of the ATP-ase
by the presence of p-nitrophenyl phosphate and, conversely, a
competitive inhibition of the phosphatase by the presence of
ATP. Table XXXI and Fig. 47 show the results of one such ex-
periment in which ATP-ase activity was measured in the pres-
ence and absence of PNPP. One aliquot of each reaction mix-
ture was used for a phosphate determination and a second ali-
quot of the same reaction mixture was assayed for PNP.' The

ATP-ase activity was thus obtained by subtracting the amount
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- Fig. 44. The Effect of NaF upon the‘PHOSphatése Activity of Red
. Cell Ghosts .

Activity
dmole Pi formed/ml ghosts/hr

‘*.A‘_ "
[ ]

0 0.5 1.0

NaF concentration (mM)

Assay conditions ~ K 16 mM, Mg 3 mM, Tris-PNPP, 2.5 nM, TES 30 mM,
pH 7.4 (o) K present (@) K absent (A) the difference between the
two curves representing the K-sensitive component.



. =107~

Table XXX. The Effect of Mg Concentration upon the

Inhibition of Red Cell Ghost Phosphatase Activity by NaF

Activity Mg 3.0 mM |Mg 15.0 mM | Mg 23.0 mM
Control 0.58 0.59 0.54
Control +
08 i Nap 0.33 0.30 0.28
% inhibition 44 49 . 48

Activity - ypmole PNP formed/ml cells/hr
Assay conditions -~ K 16 mM, Tris-PNPP 2,5 mM,

TES 30 mM, pH 7.4.
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Fig. 45. The Effect of pH upon the ATP ase Act1v1ty of
. Red Cell Ghosts

Ty |
= 2.0f
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g 6.5 7.4 8.2
pH

Data taken from Fig. 23. (o) glycoside absent (e) ouabain
0.1 mM (A) difference between the two curves representing
the ouabain-sensitive activity. Each point indicates the
maximum activity obtained at that pH (Fig.23.)

Fig. 46. The Effect of pH upon the Phosphate Activity of
] Red Cell Ghosts

0|6 r
004 .|

O.2

Hmole PNP formed/ml ghosts/hr

Assay conditions - Mg 7 mM, K 10 ﬁM, PNPP 5 mM. Buffers -
pH 5-6 = MES; 7-8 = TES; >8 = Tris. (o) Mg + K present
(o) K absent (p) Mg + K absent : .
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The Effect of PNPP upon the ATP-ase Activity

Table XXXI. of Red Cell Ghosts
ATP mM 0.1mM4 0.1m| 0.2 0.2mM |0.4mM 0.Zmdt| 0.8uM - 0. 8mM
" +PNPP 'f'PNPlj’ +PNPP ' +PNPP
“Total ATP-ase |0.28 0.18 |0.43 0.24 [0.61 0.44 | 0.78 0.5
0L - ATP-ase [0.16 0.20 |0.20 0.17 [0.30 0.32 [0.34 o0.42
0S - ATP-ase |0.12 0.23 0.07 |0.31 0.12 | 0.44 'o.",13

Activity = pmole Pi formed/ml‘bells/hr. Assay conditions - Na 80 mM,
K 16 mM, Mg 3 mM, TES 30 mM, pH 7.4, where necessary PNPP 20 mM, 0.5
mM ouabain added to obtain the OI-ATP-ase activity. o

Fig. 47. Inhibition of Red Cell Total ATP-ase Activity by PNPP

1/Activity
pmole Pi formed/ml ghosts/hr)

o
(=]

w
o

AN

5.0

10'

1/ATP concentration (mM)

0

Assay conditions - Na 80 mM, K 16 mM, Mg 3 mM, TES 30 mM, pH 7.4
(o) PNPP absent (e) PNPP 20 mM.
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of DNP released from the_amount ofzphoSPhate formed. " An in-
hibition of.ATP—ase'aotiVitY"in'the preeence of’PNPP was’
indeed observed However, 1t ‘was not found posslble to
obtain data to which a11 components of the ATP-ase could be
readily subjected to Llneweaver-Burk-analysls, due perhaps to
the small differences in actiVity‘obtained and to the high
concentrations of PNPP needed to obtain a significant inhibi-
tion of the ATP-ase.

The phosphatase is much more susceptibie to inhibition
by ATP than the ATP-ase by PNPP.. Analyeis of the effect of
ATP upon phosphatase activity (Fig. 48) indicates.a non-compe-
titive inhibition of phosphatase activity under the conditions
of the experiment..

Fig. 49 shows the effect of thermal denaturation of the
ghosts upon their ATP-ase and phosphatase activity. The ghosts
were suepended in the reaction mixture containing Na, K and Mg
but no'ATP, and heated to the desired temperature for a short
period. The suspension was then cooled to 37°C, ATP or PNPP
added, and the ATP-ase and phosphatase activities were measured
in the usual manner. |

The amount of inactivation of any particular tempera-
ture was the same using periods of heating between three and
ten minutes. The two components of theiATP—ase respond dif-
ferently to thermal denaturation; the OI-component is much more
readily inactivated by heat than the OS-component, especially
over the initial portion of the curve. The curves for the in-

activation of total ATP-ase activity and phosphatase activity
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Fig. 48. Inhibition of Phosphatase Activity of Red Cell Ghosts by ATP

<
V = pmole PNP formed/ml ghosts/hr

. 1 ! 1
o 2 4 6 8 10
S (mM PNPP)

Assay conditions - Na 100 mM, K 16 mM, Mg 2 mM, Tris 20 mM, pH 7.4.
(o) PNPP alone (e) PNPP + 1.0 mM ATP.
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Fig. 49. The Effect of Heat on the ATP-ase and Phosphatase Activity
' of Red Cell Ghosts )

100

Percent loss of activity

Temp. c

ATP-ase assay conditions - Na 100 mM, K 16 mM, Mg 3 mM, ATP 2 mM,
TES 30 mM, pH 7.4. (o) glycoside absent (e) ouabain 0.5 mf (8)
ouabain~sensitive component. ' _ ’

Phosphatase assay conditions - Na 100 mM, K 16 mM, Mg 3 mM, PNPP
10 mM (Naz), TES 30 mM, pH 7.4. (&) phosphatase activity
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were almost identical in Shaﬁe but not in position. The
amount of inactivation of the ATP-ase at any given tempera-
ture was somewhat higher than that of the phosphataée. Small
amounts of calcium were found to increase the thermal inactiv-
ation of the ATP-ase activity (Table XXXII).

Figs. 50 and 51 show the dependence of ATP-ase and
phosphatase activity upon temperature. The Arrhenius plot
for the total ATP-ase activity (22 - 46°cC) éonsists of two
straight lines which intersect at about 37°% (1/T x 103 =
3.22). The experimental activation energies calculated from
the plot were 27 kcals/mole and 14 kcals/mole at the low and
high temperatures, respectively. The plot for the OS-ATP-ase
had a break at 37°C, with experimental activation energies
for the high and low temperature regions of 13 kcals/mole and
36 kcals/mole, respectively. Both the OI-ATP-ase and the
phosphatase (22 - 40°C) had straight line Arrhenius plots

with a similar activation energy of 15 kcals/mole.
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- Fig. 50. Arrhenius Plot for the ATP-ase Activity of Red Cell Membranes,

0.2 F

-1.8 L i i - i . ,
3.15 3.20 3.25 3.30  3.35 3.40
1/T x 1073 (%)

Assay conditions - Na 100 mM, K 16 oM, Mg 3 mM, ATP 2 mM, TES 30 mM,
pH 7.4. (o) glycoside absent (e) ouabain 0.5 mM (&) ouabain-sensitive
component., ' . :
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Fig; 51. Arrhenius Plot for the Phosphatase Activity of Red Cell

Membranes»
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 Assay conditions - Na 100mM, K 16 mM, Mg 3 mM, PNPP 5mM,TES 30 mM,
pH 7.40 ’ :



SECTION IV

Solubilisation of Erythrocyte Membrane ATP-ase Activity.
The Effect of Certain Detergents and Organic =
‘Reagents upon the Properties of the ATP-ase. ‘

In an attempt to obtain a soluble prepération of‘ery-
throcyte membrane ATP-ase, ghosts were treated‘with the |
organic solvent n-butanol and the detergents sodiumvlauryi
sulphate, Tween 20, and Triton X-100. In conjunction with
these solubilisation experiments, the effect of these agents,
all of which dissociate lipoprotein complexes of éell mem-
branes, upon the properties of the ATP-ase system were inves-
tigated. The effect of urea, dioxane, dimethyl sulphoxide,
and ethylene glycol, organic reagents capable of unfolding
polypeptide chains and of activating myosin ATP-ase, upon the
ATP-ase activity of red cell ghosts were also investigated.

The detergents sodium lauryl sulphate, Tween 20, and
Triton X-~100, and n-butanol all had a qualitatively similar
effect upon the properties of the ATP-ase, namely an activa-
tion of the OI-ATP-ase at low concentrations followed by an
inhibition at higher concentrations (Figs. 52-55). Tween 20
was an exception in producing an activation of the OS-
component. Ca, which also activates the OI—component,,seéms
to show some slight synergism with SLS with respect to this
component (Fig. 56). In the presence of both Ca and SLS,
each at concentrations which produce less than maximal stimu-
lation of the OI-component, the activation is greater than
either produces alone (Fig. 56A). No effect upon the 0OS-
component was observed at these concentrations. At higher

-117-
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Fig. 52. The Effect of Tween 20 upoﬁ the ATP-ase
Activity of Red Cell Ghosts

Activity
pmole Pi formed/mlghosts/hr

ol - -
0 0.1 0.2

Tween 20 % v/v)

Assay conditions - Na 100 wM, K16 mM, Mg 3 wM, ATP 2 mM,
HEPES 100 mM, pH 7.4 (o) glycoside absent (e) ouabain 0.5
mM (A) the difference between the two curves representing
the ouabain~sensitive component.

Fig. 53. The Effect of Triton X-100 upon the ATP-ase
Activity of Red Cell Ghosts

2.0 -

Activity
vmole Pi formed/mlghosts/hr

o 1073 1072 107!
Triton X-100 (Vol %)

Assay conditions - Na 100 mM, K 16 mM, Mg 3 mM, Tris-ATP

2 mM, TES 30 nM, pH 7.4 (o) glycoside absent (o) ouabain

0.5 mM (A) the difference between the curves representing
the ouabain-sensitive component.
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Fig. 54. The Effect of Sodium Lauryl Sulphate upon
the ATP-ase Activity of Red Cell Ghosts -
3.0 [~ ’

Activity
pumole Pi formed/ml ghosts/hr

g DTNy WY, T DX .\
1.0 " "’)S\
b '

(Y O R ——
0. 0.008 0.080 0.800

Sodium iauryl sulphaté (md)

Assay conditions - Na 77 mM, K 12.4 mM, Mg 1.54 mM
ATP 2 nM, Tris 32.4 mM, pH 7.4. (o) glycoside ab-
sent (o) ouabain 0.1 mM (A) the difference between
the two curves representing the ouabain-sensitive
component. Semi-log scale. '

Fig. 55. The Effect of Butanol upon the ATP-ase
Activity of Red Cell Ghosts

. Activity
pmoles Pi formed/ml ghosts/hr.

-

0 1.0 2.0
n- Butanol (% v/v)

Assay conditions - Na 100 mM, K 16 mM, Mg 3 mM,
Tris-ATP 2 mM, TES 30 mM, pH 7.4. (o) glycoside
absent (e) ouabain 0.5 mM (A) the difference be-
tween the two curves representing the ouabain-.
sensitive component.
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Fig. 56. The Effect of Ca in the Presence of SLS upon
the ATP-ase Activity of Red Cell Ghosts ‘
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Assay conditions -~ Na 16 mM, K 16 mM, Mg 2 mM, ATP 2 mM, Tris 18.2 mM,
pH 7.4, 0.1 mM ouabain added to obtain the OI-activity.
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concentrationé, close to those at which eéch agent alcnelﬁrqé o
duces optimal stimulatioh, the‘acfivation in the‘preséncé of - .
both isbalmdst negligible (Fig.'SGB). The activétion'of the’
OS-component by SLS at the*higher‘concentration is not regafd-
-ed as significant} other data (see Fig; 54) do not indicate an
activation of this component by SLS.

Attempts to use n-butanol with Morton's procedure to
obtain a soluble preparation of the enzyme were unsuccessful.
However, Weed (93) has recently reported obtaining a soluble
ATP-ase ﬁsing a butanol procedure. However, loss of cation
sensitivity accompanied the procedure. The ghosts could be
readily solubilised with SLS, but only at concentrations which
resulted in complete loss of ATP;ase activity. An attempt was
made to obtain a soluble preparation with this detergent by in-
cubating the ghosts overﬁight in the presence of SLS at concen-
trations which produced an activation of the OI-component. It
was hoped that the membrane structure might be loosened and
the soluble enzyme liberated. However, only the residue con-
tained ATP-ase activity, no activity being present in the
supernatant (Table XXXIII). 1In contrast to the activation of
the OI-component previously observed, the activity of this
component in the residue was now greatly decreased whilst the
OS-activity previously unaffected by this concentration of SLS
now had a greater activity. The net result was a large increase
in the 0S:0I ratio.

A soluble preparation of the ghosts which retained some

ATP-ase and phosphatase activity was obtained using the non-
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Table XXXIII; The Effect of Prolonged Exposure of Red Cell

Ghosts to SLS Upon the ATP-~ase Activity of the Ghosts

Expt. | Conc'n of SLS OI-Activity OS-Activity | Ratio
. : pmole Pi formed/ml 0s
cells/hr oI

1 None . 0.44 | 0.44 1.0
3.85 x.10°% M 0.26 0.78 - | 3.0

2 None 0.77 ’ 0.47 0.6 ~
3.85 x 1074 M 0.10- 0.59 5,9

3 None 0.34 ’ 0.23 }o0.4
2.5 x107% n 0.08 0.30 |3.e

The ghosts were preincubated for approximately twenty hours
at 37°C in a medium containing 77 mM Na, 12.4 mM K, 1.54 mM
-Mg, 32.4 mM Tris, pH 7.4. The suspension was then centri-
fuged, the supernataht removed, and the residue made up to
the original volume of ghost added. A control suspension
not containing SLS was treated similarly. The ATP-ase
activity of the residue was assayed in a medium containing
77 mM Na, 12,4 mM K, 1.54 mM Mg, 32.4 mM Tris, pH 7.4, ATP
2 mM; 0.1 mM ouabain added to obtain the OI-activity.
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ionic detergent Trit5ﬁ ¥-100 as indicated in Table XXXIV,
However, the ATP-ase was no longg: sénsitiye to cations after
dialysing thé §hdsts,free of‘deteréents.; ﬁialysiéiitéelf,
reduced the activity of the ghosts as can be seen in Table
XXXV, but increésed the OS;OI‘ratio,‘possibly through the
removal of traces of Ca‘which.can activate the OI-comp;nent.

The effects of urea,‘diokane) dimethyl sulphoxide and
ethylene glycol, each of which is'capable of altering protein
conformation, was in some respects similar to those of the
detergents and n-butanol, though their éffect was not so.
marked.

The effects of urea upon the ATP-ase activity of red
cell ghosts can be seen in Fig. 57. Urea, a reagent with
strong H-bond-forming tendencies, and thought to unfold poly-
peptide chains by disruption of hydrophobic bonds, caused a
slight activation of the OI-ATP-ase at about 0.5 M concentra-
tion followed by an inactivation of both components at higher
concentration. The effects of dioxane are similar to those
of urea as can'be seen in Fig. 58, Dioxane readily forms per-
oxides upon storage which might contribute to its effect upon
the ATP-ase activity.

Dimethyl sulphoxide, which is finding extensive use
as a protective agent in low-temperature storage, produced
only inactivation of the ATP-ase, primarily inhibiting the 0S-
component until concentrations of 30% v/v are used when both
components are inhibited (Fig. 59). The effects of DMSO were

reversible, at least up to concentrations of 23% v/v; ghosts
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Table XXXIV. Solubilization of Ghost ATP-ase with Triton X-100

TX-100% v/v Control N
. (untreated cells) |0.0063% | 0.0125%] 0.025%
ATP-ase activity | 0s = 0.44 _
(umole Pi formed/mg oI = 0.18 0.05 0.07.. |0.08.
protein/hr)

Phosphatase activity _
(umole Pi formed/mg - 0.01. 0.04 0.03
protein/hr) ' - '

mg protein/ml of
supernatant from 1.43 0.60 ]0.72 0.92
- TX=-100 suspension

The ghosts were suspended in TX~100 solution of the appropriate
strength and the suspension centrifuged at 9000 rpm/15 mins.

The supernatant was dialysed égainst 5 mM MES, pH 6.0, contain-
ing 20 mg GSH/litre at 0°C until removal of TX-100 was achieved,
The dialysed supernatant was then assayed for ATP-ase and
phosphatase activity in a medium containing Na 100 mM, K 16

-mM, Mg 3 mM, TES 30 mM, pH 7.0, ATP 2 mM or PNPP 5 mM (Tris
salt). 0.5 mM ouabain added to obtain the OI-activity.
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Fig;§7.‘ The Effect of Urea upon»the.ATP4ase Activity of
Red Cell Ghosts

2.0

0 0.8 1.6

Urea (M)

Assay conditions - Na 77 mM, K 12.4 mM, Mg
1.54 mM, ATP 2 mM, Tris 32.4 mM, pH 7.4.

(o) glycoside absent (e) ouabain 0.1 mM

(A) the difference between the two curves
representing the ouabain-sensitive component.

Activity
amole Pi formed/ml ghosts/hr

Fig. 58. The Effect of Dioxane upon the ATP-ase of Red
Cell Ghosts

Activity
Hdmole Pivformed/mlghosts/hr

Dioxane (Vol_%)

Assay conditions - Na 77 mM, K 12.4 mM, Mg

1.54 oM, ATP 2 mM, Tris 32.4 mM, pH 7.4 (o)

glycoside absent (o) ouabain 0.1 mM (A) the

difference between the two curves represent-
- ing the ouabain-sensitive component.

v
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'exposed to DMSO and.then'washedsfree of-this reageht:had the
same act1v1ty as ghosts not exposed to DMSO. A reverslble
actlon of DMSO is a necessary prerequlslte to 1ts use as: a
preservatlve agent.' | | n

A substant1a1 actlvatlon of the OI-component was pro--
duced by ethylene glycol at concentratlons of 30% v/v followed
by a reduction in act1v1ty (Flg. 60) at hlghe; concentratlons.
The OS—componeht was inhibited.at all concentrations. This
reagent preferentially disrupts hydrophobic regions of protein
molecules, but is essentially eqﬁal to water in hydrogen-bond

forming tendencies.
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Fig. 59. The Effect of Dimethyl Sulphoxide upon .the
ATPFaée'Activity of Red Cell Ghosts

/hr
o
o

o

. Activity
pmole Pi formed/ml ‘ghosts

0 20 40,
Dimethyl sulphoxide (Vol %)
Assay conditions - Na 77 nM, K 12.4 mM, Mg
1.54 mM, ATP 2 mM, Tris 32.4 mM, pH 7.4 (o)
glycoside absent (e) ouabain 0.1 mM (A) the

difference between the two curves represent-
ing the ouabain-sensitive component:

Fig. 60. The Effect of Ethylene Glycol upon the
Activity of Red Cell Ghosts

0 2 A3
0 24 48

Ethylene glycol (Vol %)

Activity
Hmole Pi formed/ml ghosts/hr

Assay conditions - Na 77 mM, K 12.4 mM, Mg
1.54 mM, ATP 2 mM, Tris 32.4 wM, pH 7.4 (o)
glycoside absent (e) ouabain 0.1 mM (A) the
difference between the two curves represent~
ing the ouabain-sensitive component.



SECTION V :

The Effect of Mlscellaneous Inhlbltors Upon Ergghroczte o

Membrane ATP-ase Act1v1 z

Nearly all efvthe glycqsideS'Whichbhave C?rdi§£5hicf
activity and which inhibit‘the NeQK activated ATP-aeeRCOntein
a carbonyl oxygen in conjugetioniwith’a carbon-cetbon double
bohd located in the side chain (94,95). This conjugated
system has been suggested to be the effectlve group, produc-
1ng an 1nh1b1t10n of the ATP—ase by H—bondlng to the hydroxyl
group of the phosphoric acid re81due in the phosphorylated
intermediate, thus preventing_the final K-dependent dephos-
phorylation step. Other COmpenents_having a carbonyl oxygen
in conjugation with a carbon-carbon dcuble bond were tested
as inhibitors of the Na-K activated‘ATP-ase, and many of them
had this property even though there was no resemblance'in
structure among them except for the conjugated system (95).
The erythrophleum alkaloids were found to be asbpotent as the
cardiac glycosides in this respect (97). Brown (96,97) has
recently found that certain azasteroids which contain the
cyclopentanophenanthrene nﬁcleus, but no B oriented lactone
ring or the previously mentioned conjugated system common to
most cardiac glycosides, were potent inhibitors of the Na-K
activated ATP-ase. Like the cardiac glycosides, the inhibi-
tion by these steroids was reduced by increasing the K con-
centration.

The following compounds also containing a carbonyl
oxygen in conjugation with a carbon-carbon double bond were
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tested here as ATP-ase inhibitors;'ethacrynic‘acid (2,3-di-
chloro(2—methylene-butyryl)—phenoxy acetic acid)*, o-phthal-
dialdehyde{ dimethyl and dibutyl phthalate, and spironélac— |
tone."' |

Ethacrynic acid, one of thé;ﬁew diufetic drugs,.was
found to inhibit red cell ATP-ase activity‘but,*unlike the
cardiac‘glycosides; is not specific for the Na-K.activated
ATP-ase (Fig. 61). Duggan (98) found this compound to inhibit
kidqey-cortex A?P—ase. The amount of inhibition increases
with the period of preincubation with thié drug (Table XXXVI).
O-phthaldialdehyde is a potent inhibitor of ATP-ase activity,
complete inhibition of the OS-component occurring at concen-
trations less than 10_4M (Fig. 62). This compound appears to
block sulphydryl groups since the inhibition is relieved by
the:presence of GSH (Table XXXVII). Once inhibition has
occurred, however, the action appears to be irreversible
(Table XXXVIII). Dimethyl phthalate did not act as an inhib-
itor but in fact activated the ATP-ase (Table XXXIX). Dibutyl
phthalaté at a concentration of 1 mM produced an activation of
the OI-component. Spironolactone, a steroid containing a car-
bonyl oxygen in conjugation with a carbon-carbon double bond
in the cyclopentanophenanthrene ring and a saturated*-lactone
ring, was found to be inhibitory at concentrations up to 1.0
mM. The simple saturated ¥-lactone butyrolactone has previous-

ly been shown to inhibit ion transport in high concentrations.

*Gift from Merck Institute, Pennsylvania.

fGift from G. D. Searle and Co., Ltd., Ontario.
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Fig. 61. The Effect of Ethacrynic Acid upon the ATP-ase Activity of
: Red Cell Ghosts '
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Assay conditions - Na 100 mM, K 16 mM, Mg 2mM, ATP 2mM,Tris
20 mM, pH 7.4. (o) glycoside absent (e) ouabain 0.1 mM, (A) the
difference between the two curves representing the ouabain-sensitive

component. Semi-log scale.

Fig. 62, The Effect of Phthaldialdehyde upon the ATP-ase Activity of
' Red Cell Ghosts
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umole Pi formed/ml ghosts/hr

-3

Phthaldialdehyde concentration (M)

Assay conditions - Na 100 mM, K 16 mM, Mg 2mM, ATP 2 mM, Tris 20 mM,
pH 7.4. (o) glycoside absent (e) ouabain 0.1 mM (a) the difference
between the two curves representing the ouabain-sensitive component.

Semi-log scale.
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Table XXXVI. The Effect of the Length of Preincubation
of Red Cell Ghosts with Ethacrynic Acid upon their

ATP-ase Activity

% Inhibition

Mins. .of Preincubation |10 | 20 | 40 | 80

Total - ATP-ase 6.3 }11.7 |18.8] 32.5
OI - ATP-ase 6.1 5.0 {11.9] 23.0
O0S -~ ATP-ase 5.9 22,0 |34.8] 56,2

‘The ghosts were preincubated in a medium con-
taining Na 100 mM, K 16 mM, Mg 2 mM, TES 20
mM, pH 7.4, ouabain where necessary 0.1 mM;
for the requisite time. The ATP-~ase activity
was then determinéd after addition of 2 mM

ATP to the medium,
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‘Table XXXIX.. The Effect of Dimethyl Phthalate upon-

the ATE—ase Activi*v of Red Cell Ghosts

Concn, of dimethyl| 0,0mM |0,5mM [1.0mM |5.0mM |10.0mM
" phthalate * | -
Potal - ATP-ase 2.76 |2.90 [2.94 [3.31 |[3.42
OI - ATP-ase 1.01 |1.14 |1.13 |1.09 |1.16
0S - ATP-ase 1.75 |1.76 |1.81 |2.22 |2.26

pumole Pi formed/ml cells/hr.

Assay medium - Na 114 mM, K 16 mM, Mg 2 mM, ATP 2 mM,

TES 30 mM, pH 7.4, 0,1 mM ouabainiwhere necessary.
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The substituted phenofhiazine, chlbrprbmazihe, was
also found to be quité a pqtént inhibitor of'red'éeil‘ATP-aSe'
with a K; of 3 x 1074 u Qith respect to the:total ATP-ase
(Fig. 63). A similar Ki for the brain enzyme;has’preViously
been reported (99).  In contrast to a previoué”feport (100)
no alleviation of chlorpromazine inhibiﬁion was obtained when
the K concentration was increased from 0.5 to 13 mM, nor did
alteration of the Na concentration affect the amount of inkib-
ition. ‘ »

In view of the unknown nature of the carrier involved
in the ATP-ase reaction, it was of interest to note certain
similarities between the movement of cérnitine across.certain
membranes and the ATP-ase systen. - |

Bremer (101) has suggested that carnitine is a carrier
of activated acyl groups across the mitochondrial membrane,

probably a two-way process, according to the following scheme:

Fatty acid + CoA + ATP _gg_, Fatty acyl CoA + AMP + PP (1)
1

E
Fatty acyl CoA + carnitine —2 Acyl carnitine + CoA (2)

E1'= Acyl CoA synthetase, E, = acyl carnitine-CoA acyl trans-
ferase. Recently, the uptake of carnitine into Ps. aeruginosa
was found to be stimulated by Mg and by Na plus K, to require
metabolic energy, to obey saturation kinetics, and to be inhib-
ited by ouabain, all characteristics of the Na-K transport
system (102).

An attempt was therefore made to'study the activity of

the acyl CoA synthetase-acyl carnitine-CoA transferase system
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Fig, 63. The Effect of Chlorpromazine upon the ATP-ase Actlvity
of Red Cell Ghosts ,
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Assay conditions - Na 100 mM, K 16 mM, Mg 3 mM, Tris-ATP 2 mM,
TES 30 mM, pH 7.4. (o) glycoside absent (e) ouabain 0.5 mM (A)
the difference between the two curves representing the ouabain-
sensitive activity. Semi-log scale.
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in thebred cell membrane. The activity of reaction (1) waé
determinéd by measuring the decrease in CoA uéing the métnod :
of Ellman (103) and reaction (2) was to be determined by
measnring the formation ofznne acyl carnifine by the proced-
ure of Friedman (104). However, due to.the extremely low
activity of the enzymes involved, satisfactory estimations ofn
the velocities could not be obtained. The effect of palmityl-.
carnitine synthesised by the method of Bremer (105) and carni~-
tine, upon the red cell ATP-ase was tried. Palmitylcarnitine
had detergent-like properties, producing visible signs of sol-
ubilisation of the membrane at concentrations of 1.0 mM.
Almost complete inhibition of the OS-component, and 70% inhi-
bition of the OI-component were obtained at this concentration.
Lower concentrations appeared to activate the'OI-component.
Palmityl carnitine has been reported to inhibit cardiac ATP-
ase (106).‘ Carnitine itself had little or no effect upon

ATP-ase activity.



V. DISCUSSION

The data obtazned for the 1nteractlon of Na and K with.
the 0S~-ATP-ase of the erythrocyte membrane are not conslstent
with the Michaelis-Menten model previously suggested as appli-
cable to the enzyme and to the active movement ofatheseeions.
The interaction may be more adequately described.by any of
three possible models involving multiplefbindihg sites.for Na
and K. |

The interactions of Na and K with the ATP—aee may be
allosteric in nature. Such a model suggests the existence of
two or more cooperatively interacting binding sites on the
enzyme protein for Na and K. It is not possible to obtain an
exact estimate of the number ' of binding sites for each llgand
from the Hill equation since the n value only approxlmates a
theoretically meaningful function which describes the inter-
action. The value of n is dependent not only upon ihe number
of sites but also upon the nature of their interaction. Only
when the interaction behween sites is very strong wili n coin-
cide with the number of binding sites.. Values of n only
slightly greater than unity may ind;cate‘weak interaction
among the binding sites for K. Ouabain did not affect the
apparent order of the reaction with regard to K'as might have
been expected in view of the interaction between the glycosides
and K.

The sigmoidal curves obtained for K and for Na activa-
tion may also be explained by a mechanism which does not
involve an allosteric effect of these_ions. It has been
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}observed that excess Na can decrease the actlvatlon by K and
excess K the actlvatlon by Na (16 107 108) (see also Flg. 13
-and Table XXI), probably through dlsplacement of one 1on_ v |
species from its binding site by the other. Na and K may be
attracted electrostatlcally to the same b1nd1ng slte if thlS“
1s perhaps ionic in character, but they would fit dlfferently
due to the differences in the size of their hydrated radii.

If the enzyme has two or more blndlng 51tes for Na, one of
which has a lower affinity for‘the ion than the others, pre-
ferential displacement of Na from its weakest binding site by
K would producé a sigmoidal Na activation curve. This effect
would be most obvious at low Na concentrations and would tend
to disappear as the Na concentration is increased, shifting
the curve to the left. Similarly raising the fixed K concen-
tration should shift the inflection point and the half-maximal
point of activation to the right but would not be expected to
change the kinetic order of the reaction with respect to Na.
These predictions are in accordance with the observations.

The curve for K activation might be explained in ekactly the
same way assuming that K has two binding sites on the enzyme
with different affinities for the K ion. A third possible
mechanism by which the data might be explained is the case
where Na or K acts as both an activator and a substrate of

the system. The ions would act as a substrate in the sense
that they are actively transported across the membrane. Such
a mechanism would require the Presence of two or more Na or K
ions simultaneously at some binding sites on the enzyme before

the system became operational.
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| Whllst 1t is not 90551b1e to dlStlthlSh between these
.v-three mechanlsms, the data are cons1stent w1th recent klnetlc
astudles of the Na efflux and K 1nflux 1n whole cells. Hoffman :
found that in the rat erythrocyte, a plot of Na efflux agalnst
‘extracellular K concentratlon y1elded a 51gm01dal curve (61)
Similar curves obtalned by Sachs (62 63), and by Glynn (64)
when they examined . the rate of actlve K 1nflux into human red
cells as a function of external K concentratlon, suggested_
that the K and Na carriers have more than one site. This is
supported by the synergistic effect of Rb described by Sachs
and fits’in with what is known about the stoichiometry of the
bump. Whilst Glynn has applled his.data'to the second model
described here, Sachs has suggested the data may be adequately
described by a mechanism in which two K ions are required sim-
ultaneously at some binding sites where they could act either
as a substrate and an activator or as two substrate moleciles.
The cardiac glycoside ouabain appears to interact only
with K and not with Na as had been suggested by Schatzmann (67)
and by Ahmed (60). At high concentrations of Na relative to K,
Na does_appear to enhance the inhibition by ouabain. To pro-
duce this effect, however, Na must generally be present at con-
centrations above which it normally activates the enzyme and at
concentrations which tend to produce a direct reduction in
measurable velocity. It can be seen that the difference
between the OS-activity in the presence of inhibition concen-
trations of Na and the activity in the presence of small amounts

of ouabain is constant over the Na range used. This strongly



-141-

suggests that in fact ouabain is inhibiting .a constant amount
of énzyme (i.e., a constant number of active K sites perhaps)
at all Na concentrations; and increasing‘the.Na éoncenfration
merely reduced the activity of the remaining "ouabain—free"
énzyme, producing an apparent increase in the amount of inhi-
bition by ouabain. |

The interaction of ouabain with K is indicated by the
decreased inhibition of the ghost ATP-ase by ouabain upon
raisingy the K concentration. However, the mode of action of
the glycoside upon the ghost ATP-ase does not seem to be
identical to its action upon the active movement of Na'in
whole cells. Lineweaver-Burk plots at a constant Na:K ratio
indicate a competitive inhibition of K by ouabain (there is
no firm evidence to suggest an interaction between Na and the
glycosides). It should be noted that Matsui (66) obtained
evidence of non-competitive inhibition of beef heart ATP-ase
under similar conditions. However, the action of ouabain may
be slight1§ different in cardiac tissue. Considering how
firmly ouabain has been found to bind to whole cells, compet~
itive inhibition with respect to K would not have been
expected. However, when the experiments of Hoffman (65),
which examined the relationship between the degree of glyco-
side binding and the presence of K, were repeated here with
ghosts, completely different results were obtained. Whereas
Hoffman found that the glycosides were indeed bound firmly to
whole cells and that prior exposure of the cells to high con-

centrations of K could prevent this binding, the glycosides
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were not found to bind at all firmly to ghosts.in this inves-
tigation (using ATP-ase activity as an index of glycoside
binding). 1In addition, Hoffman concluded that because Cs,
which can be actively transported by erythrocytes, was>hnab1e
to prevent the glycosides binding} the glycosides must be
binding at a site other than the transport site, thereby pro-
ducing inhibition indirectly. The weak binding of the glyco-
sides to the ghosts is, however, consistent with competitive
kinetics but suggests that during the preparation of the
ghosts, some loosely bound pr§tein, essential perhaps for the
tight binding of the glycosideé, may have been lost.

Those few compounds tested here as ATP-ase inhibitors
which had the structural feature of a carbonyl oxygeh in con-
junction with carbon-carbon double bond in common with the
cardiac glycosides, did not throw any light upon the mode of
action of the glycosides. Although some of the compounds did
inhibit the enzyme system, they were not specific inhibitors
of the Na-K activated ATP-ase as are the glycosides.

The results obtained froﬁ the effect of Mg:ATP ratio
upon ATP-ase activity are probably not accurate enough to
resolve definitively the conflict ‘as to whether the 'true
substrate' or the system is an equi-molar complex of Mg and
ATP, suggested by Wheeler (45) and by Glynn (29), or a 2:1
complex (MngTP) suggested by Skou (44). The results
obtained have suggested, howevef, that optimal activity is
probably obtained at a Mg-ATP ratio not significantly dif-

ferent from 1. Schoner (109) has suggested that the optimal
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Mg-ATP fatio’depends upon the'ATP concentration, although his
ratios may not differ significantly from 1. Analysis of the
interaction_of'Mg and AiP with the enzyme system by means of
the Hill equation did not indicate more than one binding site
for these compounds uhder the usual conditions of assay. _

Mg-ATP may well be the 'true substrate' of the enzyme,
the deviations from a definite 1l:1 relationship may in part
be caused by_some.fprmation_qf Mg,ATP or MQAEPZ whi¢h¢migh£
compete with the"true substrate' Mg:ATP. A Mg ,ATP complex,
however, seems unlikely according to Burton (110). Non-
specific binding of Mg or ATP to ghost protein may also dis-
tort the curves.

With the use of reconstituted cells, it was found that
Ca located inside the cell had qualitatively the same effect
upon the ATP-ase activity'of these cells as it had upon the
ATP-ase activity of the ghost preparation, and is in agreement
with the effects of Ca upon the cétion pump found by Rummel
4(111). Oonly when located inside the cell was the OS-ATP-ase
activity inhibited and as found by Rummel (111) ca must be
situated inside the cell to inhibit the cation pump. Although
higher concentrations of Ca are required to inhibit the ATP-
ase of reconstituted cells than that of the ghosts, this may
be the result of a larger amount of non-specific binding of
Ca by the former preparation. Furthermore, the OI-ATP-ase
activity of reconstituted cells is inhibited only when Ca is
inside the cells,vsuggesting that both components of the ATP-
ase are located at the inner face of the membrane and not

spatially localized with -the OI-component situated at the
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- outer face and the os-component at the 1nner face as prev-
iously suggested (20)..

Although ATP is hydrolysed more rapidly by the OI~
‘ATP-ase than by the OS-ATP-aee of reconstltuted cells, when R
it is present in the medium, and by ‘the OS-ATP-ase when 1t -
is situated inside the cells, the tetal‘ATP-ase_actlvlty of
the cells is highest with internal ATP, ThiSimeyltesult,from
the reconstituted ce113'being slightly permeahle to‘AmP- whent
diffusion of ATP from the medium into the cells would result |
in a high Mg:ATP ratio within the cell since the cells _
already contain about 2 mM Mg. The K of ATP for the Ol—AT?é’
ase is‘lower than that of the OS-component (Table XVI); ehd |
as can be seen in Fig. 20B, at low eoncentratibns.engTP, the
OI-component. is much more active thah the OS-ATP-ase. Thus a
slow leakage of ATP into cells into which Mg, butvnot ATP, has
been incorporated, would result in a lower total amount of
ATP-ase activity, with a higher 0I:0S8 ratio thar would be
obtained from cells containing a higher internal ATP concen-
tration.

The_effects of'EDTA upon the ATP-ase activity of re-
constituted cells may be explained on a similar basis.
Although EDTA normally behaves as a non-penetrating anion, a
slight leakage of EDTA into the cell would chelate some of
the Mg reducing the amount of Mg available for complex forma-
tion with ATP. Such a lowering of the Mg:ATP ratio would
tend to produce a greater reduction in OI-activity than in

OS-activity.



e It seems probable from the work of Glynn (17) and of
Epsteln (18) that the 1nh1b1tlon of ATP-ase by Ca 1ons 18 due\"x
.to the blndlng of Ca:ATP 1nstead of the normal substrate Mg.»
‘ ATP to the active site of the enzyme | The enzyme 1e unable"'
:ftoehydrolyse Ca-ATP. No reductlon 1n the amount of 1nh1b1tlon7
by Ca,ions'through ralslng the*concentratlon ovag ;nsxde;theV;
cells was observed in these experiments. This may also be due
to non-specific binding'of the extra Mg ions. It is not yetv
known whether Ca inhibits the OI-component in the same mannet'
as the OS-fraction, nor has the initial stlmulatlon of this
component by Ca ions been explamned. It is of interest to
note that small amounts of calcium may regulate normal ATr-ase
activity. This is suggested by the observation that hydroxyl-
amine will not inhibit ATP-ase activityvunless pmolar amounts
of Ca are present (53). Hydroxylamine'p;obably inhibits the
enzyme by formation of a hydroxamate with the acyl intermedi-
ate. |

The physiological consequences of a high cell Ca would
be a reduction or inhibition of the active transport of Na and
K ions across the cell membrane, predisposing the cell to
haemolysis. Under normal circumstances, the cell calcium is
low (21-56 pmole/litre RBC) (112), too low to interfere with
the active transport of Na and K ions. Thus the cell membrane
acts as a permeability barrier preventing the undesirable con-
sequences of a high cell Ca.

Whilst Ca situated inside the cell membrane would tend

to lead to an inhibition of the cation pump, predisposing the
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cell to haemolysis, small euantities of Ca in fhe’medium can
increase the resistance of the cell te osmotic haemolysisr
Suppression of the initial haemolysis of red'celis by»Ca_in'_
the osmotic fragilityvteSt was first observed by Brinkman
(113) and later continued by Winkler (llé)Iand by van Kampen
(115). Several other observations have'indicated a close
connection beiween Ca and the permeabiiitf of the membrane te
alkali metal cations., Maizels (116) and Lyman (117) have
shown that the red cells of the-toftdise and turtle haemolyse
in isotonic NaCl solution unleSs small amounts of.calcium are
present. Haemolysis can be prevented only by Ca and not‘by
the other alkali metal earths. Suspension of erythrocytes in -
a non-electrolyte solution such as lactose renders them abnor-
mally permeable to univalent catiohs. If the non-electrolyte
solution contains either Ca.or Mg, normal permeability is
maintained (118); however, if the cells are exposed to the
solution in the absence of these ions, only the subsequent
addition of Ca but not Mg will restore normal permeability
(119). It has been suggested that calcium'is lost from cells
exposed to lactose solution and can be replaced by added cal-
cium. However, added calcium does not appear to inhibit
osmotic lysis by replacing lost calcium since no difference
in the susceptibility to lysis either in the presence or
absence of calcium was observed between washed and unwashed
cells. Also, no difference in response to added calcium was
seen between cells collected into EDTA or into heparin. Cal-
cium but not Mg also has the ability to delay the swelling of

liver slices (120).
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._In c§h£ﬁ€s£, ﬁqffman‘(ZO)‘haé étfééééd]fhe impbrt-
ance of‘Mg.ioné,és a_cohesive force in maintéining the.pef-
meabilify of the membrane. Red ce11 ghosts.reqdnséitﬁtéd;in
the absence of Mg did not retéih‘K ipﬁs‘aé well as cells
recdnstituted’in_the presence of tﬁgse ions. Ca cduid:pot
replace Mg unless ATP or a cheiating ageht,Was.also_p:ééeht.’ 
Ponder (121) observed that expoéure bf-fed cells to isotonic
CaCl2 for 24 hours at 40°CAproduced-a rapid'loss of K from
the cells with a small net loss of cation and a concomitant
shrinkage of the cells. However, cells exposed to CaCl2 ih
this way now had én increased osmotic fragility:inAhypotonic
NaCl solution. Sachs (63) observed a K loss in depleted
cells but not repleted cells when they were exposed to high
concentrations of Ca.

Ca does not appear to inhibit the osmotic lysis of
red cells by causing the cells to shrink through a selective
K loss. Although the presence of Ca does not affect the mean
cell volume of the cells at any particular tonicity, the cells
readily lose K but not haemoglobin in the presence of Ca.
Thus the Ca effect appears to be some direct action upon the
membrane which does not aiéer cation permeability or critical
haemolytic volume, but does require a lower osmolality for
the same degree of haemolysis. It has been suggested that Ca
may act as a membrane cement, forming a bridge between adjac-
ent negative charges of protein and phospholipid (122). It
may be that added Ca makes the cell more resistant to osmotic

haemolysis by forming extra links of this type in the membrane
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"as the framework of the cell is stretched on exposure to
r‘hypotonlc solutlons,‘allow1ng K but not haemoglobln to escape.
Vallnomyc1n appears to act qulte dlfferentlyAfromuCa,uproduc—
- ing the marked K loss and shrlnkage of the cells (86) respon-
szble for thEII enhanced re81stance to osmotic lysis.

The 1nvestlgatlon of some aspects of p—n1tropheny1
phosphatase activity df.the red cell membrane has revealed
some remarkable similarities between the properties of this
enzyme and the membrane ATP-ase which are consistent with the
phosphatase acting as a part of the cation pump. There are,
however, a few differences which would haveito be explained
hefore such a function for this enzyme could be definitely
accepted.

Both enzymes reside in the membrane and are lost or
retained to the same degree when the membranes are extensively
washed. The cation requirements of the two enzymes are quite
similar; both require Mg ions and both are activated by K
ions.‘ The simultaneous requirement for Na in the case of ATP-
ase is readily explainable if it is required for the initial
kinase reaction. Half maximal activation of both enzymes is
obtained with similar concentrations of K. An inhibition of
the phosphatase by Na would not be unexpected since an inter-
action between Na and K with respect to ATP-ase activity and
to the cation pump have been reported previously (62,108).

Perhaps the most remarkable feature which the phospha-
tase activity has in common with the ATP-ase and the cation

pump is the effect of ouabain upon this enzyme. The cardiac
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glycosides are specific inhibitoté Qflthé Na plus K activétéd
ATP-ase, probably the Kﬁdependent dephosphorylation step, and
also of the active movement of Na and K across the cell;mgm-
brane. Thus far, no other system has been reported to be
inhibited by these compounds. Inhibition therefore by oua-
bain of K-activated phosphatase activity strongly suégests a
close similarity between the two enzymes. There is, however,
a discrepancy between the amount of ouabain required to pro-
duce half-maximal inhibition of the two enzymes which is
difficult to explain. Such differences were also seen in the
case of the brain microsomal (123) and liver enzymes (68). It
is possible that such differences in the susceptibility to
ouabain might reflect slightly different conformational states
in the enzyme protein, depending upon the nature of the sub-
strate. A small change in enzyme conformation might easily
change the binding constant of a large molecule like ouabain
but probably not a'small molecule the size of potassium.

Ca, another potent inhibitor of ATP-ase activity and
the cation pump also readily inhibits the phosphatase. The
K-dependent phosphatase activity and fhe 0S-ATP-ase activity
were very similar in their susceptibility to Ca. An inhibi~
tion of a Mg-dependent phosphatase by Ca would not of course
be unexpected.

The phosphatase is readily inhibited by NaF as is the
ATP-ase, but the degree of inhibition does not seem to depend
upon the amount of free Mg, as in the case of ATP-ase. Since

the original observation of an inhibition of red cell ATP-ase
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by NaF (13), the effect of thls 1ﬁh1b1tor upon ATP—ase actlv- :
ity has, unt11 recently (124, 125),‘rece1ved little attentlon,;A
even though under certain condltlons it is a powerful ATP-ase.
inhibitor. The effects of NaF w111 therefore he discussed in
a little more detail. The results presented‘here seem‘te
indicate that the amount of 1nh1b1t10n is dependent upon the
free Mg concentration. This may perhaps be the reason why
little inhibition by NaF has been observed previously; e.g.
Aldridge (126) found that 10 mM NaF caused no inhibition of
the OI-component of brain microsomal ATP-ase and only 40%
inhibition of the OS-component. However, little or no free

Mg was evailable in his reaction mixture which contained a
Mg:ATP ratio of 0.4. Opit (124) has reported that the inhibi-
tion of kidney microsomal ATP-ase is also Mg-dependent,
although this enzyme is much less susceptible to inhibition
by NaF than is red cell ATP-ase. The effect of NaF upon other
enzymes, notably enolase (88,89), is well documented. The
susceptibility of enolase to fluoride inhibition is also very
dependent upon the Mg concentration but in addition, phosphate
must also be present. The inhibitor in this case is a MgF,PO,
cohplex. Inhibition of ATP-ase activity does not seem to
require the presence of phosphate, although this cannot be
stated with certainty since the continuing hydrolysis of ATP
may provide sufficient free phosphate. Like red cell ATP-ase,
the inhibition of liver pyrophosphatase (127) by NaF is also
Mg-dependent. It should be noted that pyrophosphate cannot

replace phosphate in the M.ngPO4 complex inhibiting enolase.



151

Presumably ATP-ase 1nh1b1t10n is also caused by the formatlon"
of a Mg-F complex whlch may, as in the case of enolase (128),,
form a dissociable complex with the enzyme protein replaelng

" The inhibition of tﬁe red cell phosphatase activity
seems to differ from that of the ATPJase inasmuch as the in-
hibition is not Mg-dependent. ,There_may be, however; suffic-
ient free Mg available in this case since PNPP probably does
not bind Mg as firmly as ATP. The inhibition of prostatic
acid phosphetase by NaF was suggested by Reiner (129) to be
due to the formation of the hydrogen-bonded polymer HF,~
which acted as an inhibitor. This does not seem to be the
case here since a plot of inhibitor concentration (taken as

Vo-Vi

the concentration of NaF) against TE—%hw—-where i= -_VS——_'

: i)
Vo = velocity in the absence of inhibitor, V; = velocity in
the presence of inhibitor, is a straight line (129). Yoshida
(125) has recently reported that the Na-K-dependent ATP-ase
and K-dependent phosphatase from brain were both inhibited by
NaF in a qualitatively similar, but quantitatively different
manner, |

Fluoride also has complex effects upon the permeabil-

ity of the cell membrane to Na and K ions. At low concentra-
tions (1 - 10 mM) it gradually slows the uptake of K by the
cell (91,92). This loss of K has been ascribed to a reduction
in active transport caused by an interference of the energy
supply of the pump through a blockage of glycolysis by fluor-
ide (91,92). Kirschner (130), however, found that the
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inhibition of Na éXtruéianfrom swine erythrocytés by NaF
occurréd withoﬁtraffectiﬁg the cell ATP level or lactic écid'
producticn, and that at cbncentrations which blocked active_
transport, fluoride also decreased the ATP-ase activity of
the membrane. It is péSBible'that fluoride may block active
transport by either inhibiting glycdlysis or by inhibiting
the transport ATP-ase, or by both these means, depending upon
the conditions within the cell. |

Although the thermal inactivation patterns of the
phosphatase and ATP-ase are similar in shape, they are differ-
ent in magnitude. Since the ATP-ase may be a system of
enzymes, a closer similarity might not be expected. |

The most obvious difference between the two activities
is their pH optima. All components of the phosphatase have a
 .pH optimum of 6.0, whereas optimum ATP-ase activity is obtained
between pH 7.5 and 8.0. It is possible that the two reactions
proposed as the ATP-ase cycle, the kinase and phosphatase
reactions, have different pH optima, and that the experi@eht-
ally determined pH optimum represents a balance between the
two. In brain tissue, however, both the phosphatase and ATP-
ase are maximally active at the same pH, pH 7.7 (123,131).

The non-competitive inhibition of the phosphatase in
the presence of ATP might suggest that the phosphatase and
ATP-ase cannot be identical enzymes but that there are two
active sites which may or may not be on the same enzyme mole~
cule. This would be the case assuming that the phosphorylated

intermediate of the ATP-ase was competing with the PNPP, but
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in fact'thé ATP itself'might.be blocking the active site of”ﬁ:"”
the phosphatase. This is éuggested by’the‘non-competitive,
plots'obtained in the presence of ouabain,fwheh'thé ATP-ase
reaction is blocked, and also in the absencé of Na, condi-

' tions under which no phosphoryléted intermediate should be
formed. At high concentrations of PNPP (> 10 mM) in the
absence of Na, ATP caused a stimulation of the phosphatase.
Similarly non-competitive inhibition of the ATP-ase by PNPP
may reflect blocking at the ATP-binding site by PNPP rather
than on interaction with a phosphorylated intermediate.
vFujita (123) also fouﬁd non-competitive inhibition of the
phosphatase by ATP, but in the absence of Na when no phos-
phorylated intermediate would be formed. Sachs (131), how-
ever, obtained competitive inhibition under these circum-
stances. It is not possible to distinguish between these two
cases.

Recently, membranes from kidney'(l32) and brain
tissue (131,133) have been shown to hydrolyse acetyl phos-
phate, a more likely candidate as substrate of the phospha-
tase in the light of recent evidence. Like the p-nitrophenyl
phosphatase, it is also activated by K ions and inhibited by
ouabain. Acetyl phosphate may be an alternative substrate to
PNPP for the membrane phosphatase. Although it is not possible
to state categorically whether or not the p-nitrophenyl phos-
phatase activity is indeed part of the ATP-ase system, and
thus intimately connected with the cation pump, it is remark-

able that there are such similarities between the two systems
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with such widely different subsfrates as PNPP and AfP.'

Treatment of erythrocyte ghosts with thé non-ionic
detergent Triton X-100 yielded a sblﬁblefp:eparationv§f
ghost protein which contained cétion—independent ATP-ase
activity and p-nitrophenyl phosphatase activity. Although
extraction of the ghost protein with cold n-butanol was
found to produce complete loss of ATP-ase activity in this
investigation, Weed (93) was able to obtain a soluble prep-
aration of ghost protein with this solvent which retained
cation-independent ATP-ase activity and also p-nitrophenyl
phosphatase activity.

Butanol and detergents did, however, have a common
effect upoh the properties of the ghost ATP-ase; an activa-
tion of the OI-component at low concentrations followed by
a loss of activity at highér concentrations. Stimulation of
ATP-ase activity by certain detergents has been reported
previously. Chaﬁ (134) observed an activation of red cell
ATP-ase by sodium dodecyl sulphate accompanied by a change
in the sensitivity of the enzyme to Na and K. Somogyi (135)
found that TX-100 activated brain ATP-ase and increased the
number of PCMB titratable -SH groups. However, the concen-
tration of TX-100 which activated the enzyme did not corre-
spond with the concentration necessary to unmask the extra
-SH groups. Swanson (136,137)vhas extensively explored the
effects of polyoxyethylene ethers upon brain ATP-ase activ-

ity.
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Except for bMSO, the prganie reagents ethylene glyeel,
dioxane, and urea which alter:protein confbrmatien, were to
some extent capable‘df activating the‘OI-AmP-aee’aetiQity of
the ghosts. The activationrobtained here was much less than
had been obtained with myosin ATP-ase (138), although the
order of effectiveness was tﬁe same: i.e. ethylene glycol>
dioxane? urea, and the activating concentration was of the
same magnitude.

Since these reagents differ widely in their chemical
constitution, it is unlikely that the activation common to
them all is due to an interaction with a specific group on
the enzyme. The ectivation is unlikely to be due to changes
in the dielectric constant of the medium since urea increases
the constant whilst glycol or dioxane decreases it. It may
be, as has been suggested (138), that reagents like.ethylene
glycol, dioxane, and urea activate the ATP-ase by bringing
about a partial unfolding of the enzyme molecule in the
region of the active site, though changes in structure at the
activating concentratiens of these reagents have only been
obtained in the case of ethylene glycol. Although DMSO does
not activate red cell ghost ATP-ase, certain enzymes such as
ribonuclease (139) and E. coli phosphomonoesterase (140) are
activated by this solvent whilst others such as trypsin (140)
are inhibited. As with the red cell ATP-ase, the OS-component
of gastric mucosal ATP-ase was found to be more sensitive to
DMSO than the OI-component (141). Reversible configurational

changes in protein structure in the presence of DMSO have also



;been'reported (142). Because of 1ts small slze, DMSO;fwhlch’f{hﬂff7i

strongly H-bonds- w1th water, may be able to penetrateureglons_ffﬁfiu

u,of the proteln 1naccesslb1e to bulkzer molecules and subst1-{ifv;
tute for bound water. The loss of ATP-ase act1v1ty may be T??:
the result of such a penetratlon. |

As with the organ;c reagents affecting_ﬁrotein’con51‘
formation, the initial'actiVation of the OI-actiVitY-bysthef‘en
detergents and butanol may he‘due to some,unfoldingrat,the;o'
active site of the enzyme;- The inhibition produced“byfthem ‘
is probably due to the breakdown of essential iipoprotein
bonds. Thus the initial activation of the OI-component fol-
lowed by inhibition or inactivation after prolonged eXposure
to SLS, may be due to unfolding followed by disruption of
essential lipid-protein complexes. Since about 30% of the
membrane protein was lost to the supernatant after 20 hours
exposure to SLS, it is possible. that the OI-component has
been removed from the membrane, though it is not yet known
whether the two components of the ATP-ase are in fact separ-
ate enzymes. It is of interest to note that it has recently
been shown (143) that certain organic solvents such as
acetone, which are known to break lipoprotein bonds, inacti-
vate the red cell ATP-ase at precisely those concentrations
which cause haemolysis of the cell.

An intact lipoprotein network in the membrane certain-
ly seems necessary for complete ATP-ase activity, which is
perhaps the reason for the loss of cation sensitivity observed

here with the TX-100 solubilised preparation. This might not
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'nbe unexpected s;nce an. ATP-ase system functlonlng as a catlon
:,pump would also requlre vector1a1 propertles. These would -
‘.probably be mearted by . 1ts three-dlmen31ona1 structure 1n 3
,the 11poprote1n network of the cell membrane., Disruptlon of
the llpoproteln network would thus destroy the vector1a1 |

nature of the system, resultlng in a loss of cat;on-sens;t1v1ty

of the enzyme.
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