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Abstract of thesis entitled ‘A study of Ca’*-ATPase in red cell aging’ submitted

by Lee Wai Yee for the degree of Master of Philosophy of Science at the Hong

Kong Polytechnic University in July 1999

Calcium homeostasis is important for cell functions. Elevation of intracellular
calcium is commonly observed in aged erythrocytes. This change in calcium level
may be due to alternation of Ca™-ATPase activity of erythrocyte. In this study, we
looked into the changes of regulation of Ca*-ATPase during aging processes of
erythrocyte.

Affinity of Ca*-ATPase towards ATP was found increased significantly with
age while there was no significant difference between the maximal activities of the
enzyme. In addition, response of the enzyme towards protein inhibitor, i.e. PMCAI
was found largely increased whereas there was a decrease in affinity towards oleic
acid in aged erythrocytes. The response and affinity of the enzyme towards
calmodulin was found unchanged during aging. It was also found that activation
effect of controlied proteolysis on Ca*-ATPase in aged erythrocyte was higher. In
erythrocyte upon storage, similar trend of changes of regulation of Ca**-ATPase was
observed.

The notion that Ca*-ATPase has undergone changes during aging in properties
and structure was further illustrated in the immunoblotting study. More 40kDa

fragment was found in aged erythrocyte. The pattern of proteolysis was observed to

be different in out-dated bank blood too.



From our findings, we propose the mechanism of erythrocyte aging as follows.
During erythrocyte aging, membrane barrier against calcium is gradually loosened.
The response of Ca*-ATPase towards PMCAI is much increased while towards
calmodulin does not change much. This leads to a decrease in capacity of the enzyme
to restore intracellular calcium to original level. In addition, lipid content of cell also
decreases during aging; thus availability of acid phospholipids to the enzyme may
decrease. The elevated level of calcium also increases the activity of calpain and
other proteases that act on various other proteins including Ca®'-ATPase. The ATP-
binding site of the enzyme becomes more exposed with gradual increase in
susceptible sites for further proteolysis. Finally, extensive proteolysis causes the
permanent inactivation of the Ca*-ATPase and the lost of calcium pump capacity.
All factors of above may act together that account for the significant decrease in
Ca**-ATPase activity and the increased in cell calcium observed in aged and outdated

storage erythrocyte.
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INTRODUCTION

1. Calcium homeostasis in the body

Calcium is important in mammalian body. It plays as an essential role in the
function of cells and exerts a profound influence on many biological processes
(Clapham, 1995, McCormack & Denton, 1988). It triggers activity of many enzyme
systems in the cells, including kinases and phosphatases (Williamson & Cooper,
1980). Calcium also takes part in numerous processes in the body, e.g. muscle
contraction, blood clotting, neurotransmitter release and microtubule formation etc
- (Farago & Nishizuca, 1990).

Since calcium is essential in cell, it is ubiquitous in the body. Majority of it is
immobilized in bones and teeth in the form of hydroxyapatite [Ca,{PO,) (OH),]
while negligible amount of it can be found in extracellular and intracellular
compartments (Carafoli, 1987, Borle, 1981). The influx and outflux of calcium ions
from the bone controls calcium concentration in the extracellular fluid, including that
in blood plasma. Thus, calcium content in the extracellular compartment is
maintained at narrow range with approximately half of it in the form of ionized
calcium ions. This ensures that a constant source of calcium can be available to cell.

Unlike many other secondary messenger molecules, calcium ions available to
cell cannot be metabolized. Cell should tightly regulate the level of intracellular

calctum ions through numerous systems (Clapham, 1995; Strynadka & James, 1988;



Carafoli, 1987, Blaustein & Nelson, 1982; Borle, 1981). In a cell, calcium ions can
be complexed rapidly and reversibly by non-membranous anionic ligands and
calcium-binding proteins, like troponin C and calbindin. The ions can also be
temporarily sequestered by two intracellular calcium ion buffering organelles, i.e.
mitochondrion and endoplasmic reticulpm. In addition, there is also movement of
calcium ions across the plasma membrane, so that calcium level can be maintained at
a narrow range {Carafoli, 1987).

The plasma membrane has very limited and carefully controlled calcium
- permeability. In extracellular compartment of the body, free calcium ion
concentration, of approximately 1.5mM, is very high when compared with that in the
intracellular fluid, that is about 0.1 M (Carafoli & Zurini, 1982). This creates a very
large inwardly directed calcium ion gradient across the plasma membrane. In the
presence of such large electrochemical force, even very minor change of calcium
permeability of the membrane would result in significant fluctuation in the cytosolic
calcium concentration.

Though calcium is essential for cell growth and survival, uncontrolled influx
of calcium ions would affect function of cell. Since many mammalian proteins, like
troponin C, protein kinase C and parvalbumin, are triggered by calcium ions,
fluctuation in cytosolic calcium ions may affect the modulation of calcium targets.
Prolonged high calcium ion concentration would also lead to cleavage of DNA and

chromatin by nucleases. This results in loss of structural integrity of chromatin and



affects cell cycle.

In addition, uncontrolled influx of intracellular calcium ions into erythrocyte
would lead to cell death. There had been reports on the accumulation of cytosolic
calcium ions during the early event in erythrocyte pathology, such as sickle cell
anemia, thalasemia, hereditary spherocytosis and hemolytic anemia (Friederichs &
Melselman, 1994; Damonte ef al, 1992). Thus, much work has begn focused on the
disturbance of calcium homeostasis in erythrocyte (Schatzmann & Burgin, 1978). A
slight elevation in intracellular calcium concentration would lead to a marked
increase in potassium permeability of the plasma membrane. This would result in
rapid potassium loss. If the loss would not be compensated by sodium influx, this
would lead to osmotic water loss of the cell. The cell viscosity would then be
increased. The continuous increase in calcium ions would lead to protrusion of teat-
like evagination from the membrane and result in disc-shape transformation of cell. It
is associated with cross-linking of nearest spectrin neighbors through disulfide
couplings or formation of diacylglycerol in the inner half of cell membrane catalyzed
by Ca*"-activated cytoplasmic transglutaminase (Palek, 1978; Weed et al, 1969). The
cell would lose its deformability and thus filter less rapidly through narrow blood
vessel. Very high calcium concentration in the cytosol would block Na™-K" pump
(Schatzmann & Vincenzi, 1969). In this case, the Na'/K' gradient across the
membrane created by the pump could not be maintained. This would also affect the

osmotic balance of the erythrocyte, leading to reduction in cell volume, an increase



in cell viscosity and ultimate hemolysis. Due to the physiological effects caused by
disturbance of cell homeostasis, erythrocyte should be equipped with systems that
can maintain calcium ion gradient across the plasma membrane.

Calcium ion gradient across plasma membrane can be maintained by the resuit
of concerted operation of importing and exporting system of calcium on the plasma
membrane, i.e. C-az"'channel, Ca®* pump and Na’'-Ca® exchanger (Carafoli, 1991,
Carafoli, 1987; Blaustein & Nelson, 1982). Ca® channel is gated by electrical
potential across the plasma membrane. It is responsible for transporting calcium ions
from extracellular fluid into the cell. In addition, Na'/ Ca*" exchanger is a large
capacity, low affinity carrier for calcium ions. Its maximal transport capacity is about
100 times- greater than Ca®* pump. It is particularly active in excitable plasma
membranes and is responsible for the bulk ejection of calcium demanded by the
functional cycle. Tt was found that erythrocyte may be the only cell where the
exchanger is completely absent (Carafoli, 1987). On the other hand, Ca* pump, ie.
Ca™-dependent adenosinetriphosphatase (ATPase), is a low capacity, high affinity
system for calcium ions. It is ubiquitous in eukaryotes. The high affinity of the
enzyme for calcium enables the enzyme to satisfy the demand for fine-tuning of
intracellular calcium concentration. Both Na'-Ca®" exchanger and Ca*' pump work in
parallel with different relative efficiency in difterent cells.

As stated, even slight fluctuation of calcium would affect biological function

of cells, study of fine-tuning of intracellular calcium by calcium pump would be



essential and valuable. Thus, much work has been focused on studying calcium

pump on plasma membrane.

2. Plasma membrane Ca**-ATPase

The study of Ca’-ATPase has been started since 1960s. Dunham and Glynn
first reported the existence of Ca”-ATPase in erythrocyte membrane in 1961
(Dunham & Glynn, 1961). Schatzmann then connected it to the pumping of calcium
ion out of the cell in 1966 (Schatzmann, 1966). Since then, erythrocyte has been
commonly used as a model for the study of Ca**-ATPase. Purification of the enzyme
to homogenous forms and in a functionally active state from erythrocyte has been
succeeded. Many researchers had concisely described the general properties of Ca®'-
ATPase (Carafoli, 1992, Carafoli, 1991). In recent years, particular attention has been

put on the molecular properties of the enzyme (Carafoli et af, 1996).

2.1 General properties of the pump

General properties of calcium pump have concisely described by many
researchers (Carafoli, 1992; Carafoli, 1991). Ca**-ATPase is ubiquitous in plasma
membrane of eukaroytic cells (Schatzmann, 1982). It can be found in erythrocyte,
skeletal muscle, heart, kidney tubules, nervous cells etc. The properties of Ca™-
ATPase are essentially similar in all plasma membranes. However, subtle differences

may exist. Calcium pump has an apparent molecular weight of 134kDa (Carafoli,



1992). It is of high affinity but low total capacity for calcium ions. It transports about
0.5nmoles of calcium ions per mg of membrane protein per second (Caroni &
Carafoli, 1981). Two ATP affinity sites are found in each calcium pump molecule.
The high ATP affinity site is assumed to be the catalytic site of the enzyme with K_
for ATP between 1 and 2.5 u M. Decomposition of phosphorylated intermediate is
assumed to be related to the low affinity site which has K, between 145 and 180 u M
| (Richards, 1978).

Ca’*-ATPase is a P-class ATPase. It has typical properties that phosphorylates
on an aspartate residue during the transport cycle and is inhibited by orthovanadate
[VO,(OH)]* (Carafoli, 1992; Varecka & Carafoli, 1982; Rossi ef a/, 1981; Barrabin
et al, 1980). The transport cycle of Ca®*-ATPase begins with calcium-dependent
transfer of terminal phosphate from ATP to the enzyme, with the formation of
phosphorylated infermediate.

Ca®*-ATPase exists in two different states, E, and E,, corresponding to two
~ different conformations of the enzyme (Carafoli, 1991; Carafoli & Zurni, 1982:
Roufogalis, 1979). The formation of E,~P is endergonic, however, the reaction is
favorably towards the formation of E, + P as the reaction of E,~P to E, + P, is
exergonic. The conformational transition from E~P to E,~P is promoted by
magnesium ion and its hydrolysis to E, and P, is assumed to be accelerated by the
binding of ATP to the low affinity site of ATP of the enzyme (Garrahan & Rega,

1978). In the last step of the reaction cycle, the dephosphorylated E, conformer



reverts back to the starting E, conformer. The reaction scheme for plasma membrane
Ca’*-ATPase is shown in Figure 1 (Carafoli, 1991). Inhibition of the enzyme occurs
. when vanadate interacts with the E, conformer, blocking the last step of the reaction
cycle, i.e. E, to E, transition (Barrabin ef a/, 1980). Another inhibitor, lanthanum
(La*") blocks the transition between E,~P and E~P (Luterbacher & Schatzmann,
1983). One point should be noticed that the translocation process of calcium ion is
assumed to be related to the conformational change of the pump, i.e. the E,~P to
E,~P transformation. Thus, the Ca**-binding site located on the interior side of the
membrane will be converted to the external side of plasma membrane after the
translocation step.

In calcium extrusion mechanism, Ca**-ATPase actually exists in three different
states, 1.e. A, B, and B, of which the activity of the enzyme is tuned up and down
from one state to another (Al-Jobore & Roufogalis, 1981; Scharff & Foder, 1977).
The A state may represent to the resting state of the enzyme while B, and B, states
are the active enzyme. Actually, the shift between A state and B, or B, states of the
pump is reversible. The A state is induced by exposing the enzyme to low calcium
ion concentrations or by the presence of chelators in the medium used during the
preparation of plasma membranes. It is characterized by its low calcium affinity and
transport rate. In contrast, the B, and B, states are of high Ca** affinity and transport

rate and are induced by the presence of micromolar calcium ions. V,,, and calcium
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affinity of By and B, states can be regulated independently. The former is the same
for both B, and B; states whereas the latter is higher for B, state.

Calcium pump is a regulatory enzyme. It is regulated by many factors in the
body. The study of its regulation would be of great importance in order to help us to

understand more of calcium extrusion mechanism.

2.2 Regulation of the enzyme activity

Numerous factors are found to have stimulatory or inhibitory effects on Ca®'-
ATPase (Sackett & Kosk-Kosicka, 1996; Carafoli, 1991; Kosk-Kosicka ef al, 1989,
Leclerc et al, 1988; Kosk-Kosicka & Bzdega, 1988; Iglesias & Rega, 1987; Niggli er
al, 1982). Ca’*-ATPase is stimulated by calmodulin. Alternative treatments exhibit
stimulation of the enzyme in the absence of calmodulin, including exposing the
enzyme to acidic phospholipid and polyunsaturated fatty acid, proteolytic treatment,
phosphorylation by protein kinase A or C and induction of an oligomeric state of the
enzyme. This stimulation is predominately K, effect. Besides, there had been reports
on inhibition by an endogenous protein inhibitor called PMCAI and other chemicals.
These factors may interact with each other and control Ca**-ATPase activity.
2.2.1 éalmodulin

Calmodulin 1s one of the factors that have been studied for many years. Bond
and Clough first observed stimulatory effect of calmodulin on Ca®**-ATPase in 1973
{Bond & Clough, 1973). They found that a soluble protein in the human erythrocyte
activated human membrane Ca?*-ATPase while it exerted no effect on other ATPases.
The soluble protein was purified and was confirmed as calmodulin because it shared
many properties of calmodulin. Calmodulin is a single polypeptide with molecular

weight of 16.7kDa and pl=4.2. It contains four homologous domains, each



containing helix-loop-helix structure that binds one calcium ion with dissociation
constant ranging from 4 to 18 K M. It is mostly found in brain, lung, kidney, liver,
uterus and erythrocyte in micromolar concentration (Scharff, 1981).

Calmodulin stimulates Ca®*-ATPase by direct interaction (Vorherr et al, 1992;
O’Neil & Degrado, 1990; Agre et al, 1983; Vincenzi et al, 1980). Calmodulin itself
is not active. Its active form is calmodulin-Ca®* complex (Cheung, 1980). The
complex interacts with regulatory site of the enzyme, i.e. the calmodulin-binding
domain, and changes the conformation of the pump. Actually, calmodulin requires
calcium ion to increase its hydrophobility. This makes it more accessible to active
site of the enzyme. Once they interact, additional calcium ions may activate the
enzyme directly by binding to the catalytic site of the enzyme as substrate. As a
result of the interaction, the enzyme tends to switch from resting A state to the
activated B state (Roufogalis & Mauldin, 1980; Scharff & Foder, 1978). The binding
of calmodulin-Ca** complex to A state of the enzyme may cause a redistribution of
electric charges that leads to transition of B state (Scharff, 1981). This results in an
increase affinity for calcium ion and maximal transport rate, with the former change

being more prominent. The transition of state B to state A can be induced by removal



of calmodulin. In the presence of calmodulin, K, (Ca™) of the ATPase is decreased
from 20 2 M to about 0.5 ;M. One point should be noticed that optimum saturation
of the pump with calmodulin occurs only at calcium concentration (above 10°M)
which is higher than that in cytosol in physiological state (~10"M) (Scharff, 1981).
This decreases the efficiency of calmodulin interaction with the pump (Carafoli,
1991; Scharff, 198 1-; Roufogalis & Mauldin, 1980). Thus, other factors together with
calmodulin may interact with calcium pump in order to attain optimum activation.
2.2.2 Lipids

Lipids may be one of these stimulatory factors. Ca**-ATPase is activated by
acidic phospholipid or polyunsaturated fatty acid. The observation of sensitivity of
Ca’-ATPase to lipid environments was shown by inactivation of the pump by
phospholipase digestion. Activity of Ca®*-ATPase was reactivated in the presence of
acidic phospholipid or oleic acid (Ronner et al, 1977). Some researchers found that
all acidic phospholipids and long chain polyunsaturated fatty acid could activate
solubili;ed ATPase very efficiently while no stimulatory response was observed for
neutral phospholipids (Wetzker et al, 1983, Carafoli & Zurini, 1982; Ronner ef al,
1977). The stimulation of Ca*’-ATPase by phospholipids and unsaturated fatty acid
induce the transition of A state to B, state or from B, to B, state and is predominantly
a K, effect (Enyedi er af, 1987; Carafolt & Zurim, 1982). Acidic phospholipid
induces conformational change near the active site of the enzyme and increases its

accessibility for calcium.



Some researchers found that acidic phospholipid was more effective than
calmodulin for stimulating enzyme activity (Enyedi ef al, 1987). It decreased K,
(Ca™) to values lower than calmodulin did. Some of the reports mentioned that acidic
phospholipid and polyunsaturated fatty acid may interact with caimodulin-binding
domain of the enzyme (Brodin et al, 1992, Wetzker et al, 1983). This was supported
by the observation tﬁat the enzyme was insensitive to calmodulin after purification in
the presence of phosphatiylserine. It was not due to a state of permanent inhibition of
the enzyme, but optimal activation had already been achieved in the absence of
calmodulin (Carafoli & Zurini, 1982).

The regulation of the pump by acidic phospholipid is significant in vivo. In
contrast to calmodulin, the amount of phosphatidylserine surrounding the membrane-
bound ATPase is adequate to support about 50% of maximal activation. They are

present in the inner leaflet of lipid bilayer where active si
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2.2.3 Proteolysis :

Ca¥-ATPase can be activated by another treatment other than calmodulin and
lipids, i.e. controlled treatment with trypsin. Activation was achieved by exposing the
reconstituted enzyme to variable amounts of trypsin for a fixed time. Controlled
trypsin proteolysis immediately produces a transient calmodulin-sensitive 90kDa
fragment that is then rapidly degraded to two calmodulin-independent, highly active
species of molecular size 81kDa and 76kDa. The proteolysis treatment results in loss
of increasing C-terminal portion of the enzyme, which protrudes from the membrane
into cytoplasm and contains the calmodulin-binding domain (Zurini, 1990). The
pump progressively loses its response to calmodulin and it becomes permanently
activated, independent of calmodulin. Thus, trypsin mimics the effect of calmodulin
and the activated enzyme is no longer activated by further calmodulin treatment
(Rossi & Schatzmann, 1982). This results in increase of calcium affinity and V.
Trypsin aiso removes N-terminal portion of the enzyme which is involved in acidic
phospholipid response (Zurini, 1990). This portion has a strong basic character in its
C-terminal half. The proteolytic treatment of the enzyme by trypsin is very useful for
mapping of functionally domains of this enzyme molecule, however, it has no
physiological meaning.

In contrast, effect of intracellular Ca**-dependent pfotease, i.e. calpain, is likely
to be significant in vivo (Croall & Demartino, 1991; Wang ef al, 1988). Calpain 1s a

thio endoprotease, which is distributed in various locations in the body (Croall &
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Demartino, 1991). It has a molecular weight of 110kDa, consisting of two non-
identical subunits with 80kDa and 30kDa. Calcium ion concentration and an
endogenous calpain inhibitor called calpastatin control the activity of calpain
(Kawasaki et al, 1993; Kapprell & Goll, 1989; Melloni ef al/, 1982). In cell body,
calpain is inactive at physiological intracellular calcium concentration and exists in a
form of inactive proenzyme.

Conversion of inactive proenzyme to active calpain is a prerequisite step for
the expression of proteolytic activity of the protease (Croall & Demartino, 1991,
Suzuki ef al, 1987, Pontremoli & Melloni, 1985). The regulatory subunit (30kDa) of
the protease can be readily dissociated from the catalytic subunit (80kDa) in the
presence of calcium ion. The 80kDa subunit exists in inactive proenzyme form
containing catalytic and calcium binding sites. In the presence of calcium, the 80kDa
proenzyme is transformed to a 75kDa species via autolysis, which is the active form
of calpain. Actually, calpain is activated at calcium concentration higher than 10 4 M.
Intracellular calcium concentration must be increased to this level in the cytosol or
near the plasma membrane for the function of calpain in vivo. In addition, there had
been report that the autolysis of calpain may be regulated by a combination of
calmodulin and phosphatidylinositol (Coolican & Hathaway, 1984). The active
calpain is preferentially targeted to the carboxyl side of arginine residue in a protein,
provided that the residue adjacent to arginine on the amino-terminal side is a

hydrophobic amino acid like leucine. In Ca®-ATPase, this is possibly the

14



calmodulin-binding domain. Proteolytic effect of calpain increases the basal activity
of calcium pump by reducing the enzyme to a fragment of about 124kDa, but the
action is slower than that of extracellular proteases like trypsin. The reduction in size
results from two-step removal of C-terminal portion of the pump that contains the

calmodulin-binding domain (James et al, 1989). Consequently, this will eliminate the

calmodulin reponsi§ef1ess.
2.2.4 Endogenous protein inhibitor (PMCAI):

Beside of the activator mentioned before, an endogenous protein inhibitor
exerts inhibitory effect on calcium pump. An endogenous protein inhibitor of
erythrocyte membrane Ca”-ATPase (PMCALI) was first isolated from pig membrane-
free hemolysate by Au in 1978 (Au, 1978a). Several researchers have tried to purify
it but they failed to obtain it in pure form (Au, 1996; Lee & Au, 1983; Wuthrich,
1982; Au & Lee, 1980; Au, 1978b). Au successfully achieved purifying PMCALI to
homogeneity in 1996. The PMCAI was isolated by anion-exchange chromatography
followed by Ca®-ATPase-Sepharose affinity column,

The PMCAI is protein in nature. It is susceptible to inactivation by trypsin,
heat and lypophilization. It has a molecular weight of 7500Da with pl=4.8 (Lee &
Au, 1983). It inhibits Ca*-pump but exert no effect on Mg*'-ATPase, (Na'+K")-
ATPase and acetylcholinesterase. It is not a general protease. PMCAI is also not a
calmodulin-binding protein as it exerts inhibition of the purﬁp even with calmodulin-

free membrane. The mode of inhibition of Ca**-ATPase by PMCAI is non-
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competitive that it decreases V,_, of the pump while exerts no effect on K, (ATP)
(Au, 1996; Lee & Au, 1983). The interaction of PMCAI with the pump is still not
clear. It was found that the inhibitor-binding site was different from the calmodulin-
binding site. It has been postulated that in the presence of calcium, PMCAI exposes a
hydrophobic patch, which allows it to interact with Ca**-ATPase at a site downstream
of ion transport site {Au, unpublished data).

As stated, calcium pump is subjected to regulation by many factors. The
interaction of these factors with calcium pump is summarized in Figure 2. These
factors may interact with each other to exert rapid response to slight fluctuation of

calcium concentration inside the cell.

2.3 Isolation of the Ca**-ATPase

Apart from studying the regulation of calcium pump, the study of the enzyme
itself is also important. Thus, pure form of the enzyme is needed. Many researchers
have attempted to purify Ca**-ATPase to homogeneity (Carafoli & Zurint, 1982;
Gietzen & Kolandt, 1982; Niggli e/ al/, 1979). However, difficulties were
encountered in early attempts. The Ca**-ATPase is present in the plasma membrane
in minute amounts and it tends to be co-purified with band III protein that is more
abundant. The calctum pump is very labile in solubilized state and tt is only active in
appropriate phospholipid environment. The problem of lability can be solved by

stabilizing the enzyme in the presence of detergent and it can be reactivated by a
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Figure 2 Regulation of Ca**-ATPase activity

Ca®*-ATPase activity is regulated by several factors. These factors may interact
with each other to exert rapid response to slight fluctuation of calcium concentration
inside the cell
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number of acidic phospholipid and long chain fatty acid (Ronner ef al, 1977).

The observation that calmodulin-stimulated Ca**-ATPase provided the
rationale for successful use of a calmodulin-affinity column for the punfication of
the enzyme (Niggli et al, 1979). The application of calmodulin-affinity column
overcomes the difficulties during purification and yields a purified and functional
enzyme at the end of a relatively rapid procedure. Detergent in the presence of
| phospholipid first solubilizes the calmodulin-free membrane-bound Ca**-ATPase.
The solubilized enzyme is then loaded onto the column. Washing the column with
calcium eluted majority of the protein applied and a large amount of ATPase activity.
It is referred to as Mg”"-ATPase, which does not require calcium and is calmodulin
insensitive. The success of purification is based on different calmodulin affinities of
various membrane protein, provided that the interaction of the enzyme with
calmodulin is direct and not mediated by non-specific membrane phenomenon or by
other protein components in the membrane. Thus, only Ca**-ATPase is eluted at the
final EDTA elution step. Therefore, calmodulin-affinity column becomes a
convenient means to purify Ca* -pump first from erythrocytes and then from other

plasma membranes. This helps for the cloning of genes for calcium pump.

2.4 Proteolysis of the pump
In order to obtain much information for the domain of calcium pump, controlled

proteolysis of purified Ca*"-ATPase can be used. Controlled proteolysis of the
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purified erythrocyte Ca*- ATPase by trypsin produces the bands of 124kDa and
following by fragments of 85 or 81kDa and 33.5kDa. Further tryptic proteolysis
gives rise to 28kDa and 48kDa fragments. The model of proteolysis is summarized in
Figure 3 (Zunni ef al, 1984).

The model of proteolysis can be explained as follows. Early step of proteclysis
results in changes in calmodulin response of the pump. In the transitton from 90kDa
to 81kDa fragment, the response of the fragment to calmodulin lose. This indicates
that the fragment of ~9000 is calmodulin-interacting domain. The 85kDa-fragment,
obtained during the transition from 90kDa to 81kDa fragments, binds to calmodulin
but it is less responsive to calmodulin (Carafoli, 1991). In addition, the 81kDa-
fragment has higher activity even in the absence of calmodulin. Therefore,
calmodulin-binding domain was cut by two steps. The first cut is in the middle of the
site. After prolongéd digestion, a second cut is occurred at N-terminus of the domain,
leading to a loss of calmodulin sensitivity and irreversible activation of the pump.
The calmodulin-binding domain acts as an inhibitory polypeptide (Carafoli ef al,
1992; Falchetto, 1991). It binds to a domain in the pump that is essential for full
activation, The removal of it then increases the basal activity of the pump in the

presence of acidic phospholipid.
Information of other functional domains is also obtained from the model of

proteolysis of the calcium pump. The 48kDa-fragment derived from 76kDa-

fragment is suggested to be the ATP-binding site as it can bind ATP analogue. On the
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other hand, the 33.5kDa-fragment obtained by degradation of 35kDa- fragment
© interacts with hydrophobic probe and may contain hydrophobic intramembrane
regions of the pump. The region may be at some distance from calmodulin-binding
protrudes from TM domain 4 and it contains active site of the pump, ie. the
phosphorylation site and the ATP-binding domain. The last one protrudes from the
last domain, which is the regulation site of the pump. It contains calmodulin-binding

domain on its NH,-terminal side and is responsive to acidic phospholipid.

2.5 Functional domains of the pump

Referring to the information of proteolysis of calcium pump, functional domains
of the enzyme have been clearly put out. There are three important functional
domains in Ca’-ATPase, i.e. ATP- binding domain, the domain surrounding the
apartylphosphate and the calmodulin-binding domain (Carafoli ef af, 1992; Carafoli,
1991, Zurini, 1990). The calmodulin-binding domain has been identified using
bifunctional, photoactivable and cleavable cross-linker coupled with calmodulin. The
pump becomes labeled in a domain containing sequence predominance of basic
amino acid. The domain has a tryptophan next to N-terminus and has high propensity
o form amphilic helix. These are features common to putative calmodulin-binding
domain of other calmodulin-modulated proteins. The propensity to form amphilic
helix 1s particularly strong in the 5-6 COOH- and NH,-terminal residues of the

domain. In the mid-portion, the domain tends to form £ -sheet witha £ -turn in the
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middle separating the two halves of the domain. The minimal length compatible with
adequate calmodulin affinity is about 20 residues. These residues are located C-
terminally and interact with C-terminal calcium-binding lobe of calmodulin.
Tryptophan in N-terminal portion together with phenylalanine next to it is required
for optimal interaction with calmodulin (Vorherr er al, 1992). N-terminal portion of
the calmodulin-binding domain of the pump interacts with the C-terminal portion of
caimodulin while C-terminal portion of the domain interacts with the N-terminal
portion of calmodulin.

The ATP binding domain and the phosphorylation domain share the similarity
with that of other P-type ATPases (Filoteo, 1987; James, 1987). The three central
residues of the domain surrounding the ATP binding domain is conserved in all P-
type ion-motive domain. The sequence of phosphorylation domain also has canonical
sequence in all P-type ATPases. In addition; there is a “hinge” domain connecting
these two domains, permitting them to come close in space during the functional
cycle. The information of functional domains of the enzyme can help for better

understanding of the enzyme.

2.6 Topology of the pump
After getting information of functional domains of the enzyme by controlled

proteolysis, it helps us to look into the spatial arrangement of the domains. The

calcium pump is organized in the membrane as the suggested topography of all other
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P-type ATPases. The membrane topography of the pump is shown in Figure 4
(Carafoli er al, 1992). There are ten transmembrane TM domains and four main units
protruding into cytoplasm. The first protruding unit is the N-terminal portion of the
pump and the second is A -strand domain protruding from TM domain 2. The
~ function of the third and the fourth units are known. The third unit protrudes from
TM domain 4 and it contains active site of the pump, i.e. the phosphorylation site and
the ATP-binding domain. The last one protrudes from the last domain, which is the
regulation site of the pump. It contains calmodulin-binding domain, phosphorylation
site for protein kinase A and protein kinase C, and calcium-binding site. Apart from
the calmodulin-binding site, there is also a basic stretch located in the second
cytosolic unit of which acidic phospholipid interacts. The calmodulin-binding
domain also interacts with the second and third protruding units. The domains fold
over the main body of the pump and the pump becomes inhibited in the absence of
calmodulin (Falchetto, 1991). Thus, the interaction hinders free access of substrates
to the active site of the pump. There is also a catalytic calcium-binding site apart
from that in protruding unit 4 and it may be present in the TM portion of the
molecule. The site may involve in channeling calcium ion through the membrane

(Hofmann et a/, 1993; Carafoli et al, 1992).

2.7 Isoform

Calcium pumps are essentially similar in all plasma membrane. They have
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P-type ATPases. The membrane topography of the pump is shown in Figure 4
(Carafoli e al, 1992). There are ten transmembrane TM domains and four main units
protruding into cytoplasm. The first protruding unit is the N-terminal portion of the
pump and the second is S -strand domain protruding from TM domain 2. The
" function of the third and the fourth units are known. The third unit protrudes from
TM domain 4 and it contains active site of the pump, i.e. the phosphorylation site and
the ATP-binding domain. The last one protrudes from the last domain, which is the
regulation site of the pump. It contains calmodulin-binding domain, phosphorylation
site for protein kinase A and protein kinase C, and calcium-binding site. Apart from
the calmodulin-binding site, there is also a basic stretch located in the second
cytosolic unit of which acidic phospholipid interacts. The calmodulin-binding
domain also interacts with the second and third protruding units. The domains fold
over the main body of the pump and the pump becomes inhibited in the absence of
calmodulin (Falchetto, 1991). Thus, the interaction hinders free access of substrates
to the active site of the pump. There is also a catalytic calcium-binding site apart
from that in protruding unit 4 and it may be present in the TM portion of the
molecule. The site may involve in channeling calcium ion through the membrane

(Hofmann et al, 1993; Carafoli et al, 1992).

2.7 Isoform

Calcium pumps are essentially similar in all plasma membrane. They have
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similar topography and functional domains, however, they may be of high isoform
diversity. Ca*-ATPase has high isoform diversity generated from a multigene family
comprising mammalian genes coding for plasma membrane Ca**-ATPase (PMCA)
isoforms. Four different products of this multigene family are known for rat and
human (Carafoli ef al, 1996). The different gene products are classified as h (for
human) and r (for rat) isoforms PMCAI to PMCA4. Each isoform corresponds to a
family of alternatively spliced isoforms at three independent sites (Verma et a/, 1996,
Stauffer et al, 1993). The regions that are important to catalytic function of the P-
type pump are highly conserved. In addition, the structure motifs responsible for
membrane folding pattern of the pump are also conserved. The motifs include the
TM domains and the protruding units. The variability among the isoforms concerns
with the domains that are related to peculiar regulation properties of the pump, e.g.
calmodulin-binding domain, phosphorylation site of protein kinase and putative
domain responsive to acidic phospholipid. The main area of isoform diversity
concerns the regulatory aspects of the pump, which is tissue-specific and
differentiation-specific specialization (Hammes ef al, 1994).

Relative abundance of the spliced mRNA variants may vary substantially with
the tissue or cell type (Hammes ef al, 1994). The first cloned human isoform is
hPMCA4, which is still the most intenstvely studied one and the best known
(Carafoli er al, 1996). Isoforms 1 and 4 are present in all tissues in large amount and

are considered as products of housekeeping genes. Isoforms 2 and 3 are only found

25



in significant amount in brain. Isoform 2 is mainly in cerebellum while isoform 3 in
choroid plexuses. In addition, the majority isoform in erythrocyte is isoform 4.
Furthermore, the primary sequence of several isoforms had been established in
human and rat tissues. Antibodies against the four isoforms of human PMCA were
raised using an N-;erminal sequence of the pump as epitope. The N-terminal region
chosen for the production of isoform-specific antibodies had the lowest degree of

homelogy among the four gene products (Stauffer et al, 1995).

3. Study of aging process

The investigation of calcium homeostasis in the body may be one of the
approaches to study the aging process, as some of the degenerative diseases are
related to calcium accumulation in specific cells (Friederichs & Melselman, 1994;
Damonte et al, 1992). Aging is an overall decline of physiological process that
results in failure to adapt to environmental demands and leads to death. At the
cellular level, the process leads to impaired cellular structure and diminished
function and finally to cell death. The study of aging process is important and it helps
in explaining the principles of aging and finding of means for delaying or treating the
pathology of aging.

Age-related changes of membrane of the cell concern both major membrane
constituents, i.e. lipids and proteins, and certain cytoskeletal elements that are

membrane-bound (Timas, 1996). During aging, membrane lipids are susceptible to

26



peroxidation and membrane fluidity 1s markedly altered by free radical accumulation.
Thus, capacity of membrane components to diffuse laterally along the plane of
membrane decreases. In addition, alternation of membrane may affect architecture of
cellular surface, e.g. receptor number and affinity, surface proteins that result in
impairment of inter- gnd intracellular communication.

There are also age-related changes in cytoplasm and nucleus (Timas, 1996).
Mitochondria are more exposed to damaging oxygen radicals during metabolism.
Since mitochondrial DNA lacks protein coat for protection from damage of oxygen
radicals, its damage and mutations increase with aging. In addition, numerous
structural alternations in the nucleus have been associated with aging, e.g.
irregularities of shape and invagination, chromatin condensation. This results in
decrease in functional activity and metabolism of the cell.

The mammalian erythrocyte is a peculiar but useful model for studying of aging
process at molecular and cellular levels (Bartosz, 1996). Mature erythrocyte is
devoid of nucleus and other organelles, and thus it is incapable of synthesizing
enzymes and other proteins de novo (Danon, 1986). Although mature erythrocyte has
all structure and functional components in the cell, it cannot replace the damaged one
by re-synthesis. The energy necessary to maintain membrane structure, cation
balance and hemoglobin function is solely derived from the anaerobic breakdow.q of
glucose. Eventual destruction occurs after a remarkably long and constant time spent

within the circulation. Normal aged erythrocytes are selectively removed from the
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circulation via phagocytosis by reticuloendothelial system. Because of this, it can be
a suitable model for investigating the mechanisms causing progressive deterioration
of macromolecular constituents in aging cells (Danon, 1986). In addition, it can also

help in studying of the recognition and removal of senescent or damaged cells.

3.1 Phenomena during erythrocytg aging

Phenomena during erythrocyte aging are similar to that of other animal cells,
however, .information in this area is more comprehensive. Mature mammalian
erythrocyte has a finite life span. During the life span of mammalian erythrocyte, it
undergoes physical and chemical changes. These changes are observed in cell
volume, in cell density, and in cytoplasmic and in membrane components. The mean
corpuscular volume (MCV) of erythrocyte decreases during aging (Bartosz, 1996).
The change may be due to the loss of potassium and membrane via microvesiculation.
This results in cellular dehydration and an increase in cell density. It should be
noticed that the change in cell density is the hallmark of erythrocyte aging in
mammals and this serves as a basis for separating erythrocytes according to cell age
(Vettore et al, 1980; Corash et al, 1974; Rahman et a/, 1973; Murphy, 1973; Piomelli
ef al, 1967, Rigas & Koler, 1961). In addition, aged erythrocyte has higher mean
corpuscular hemoglobin content (MCHC) (Ganzoni et a/, 1976; Piomelli et al, 1967).
Also, the rate of deformation of aged erythrocyte is lower while its minimum

cylindrical diameter remains the same. Since deformabtlity is of fundamental
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importance for erythrocyte to pass through capillaries with smaller diameter than its
own, the decreased deformability may be the most functional impairment occurnng
in aging erythrocyte and some reports suggested that impaired deformability might
be a determinant of red cell life span (Marikovsky, 1996; Friederichs, 1992; Bartosz,
1991; Shiga et al, 1990; Nash et al, 1988).

Apart from cﬁanges in physical properties of erythrocyte, there are also
biochemical changes during aging (Hrusova et al, 1993). The content of 2,3-
diphosphoglycerate (2,3-DPG) in aged erythrocyte was found to reduce markedly
(Haidas, 1973). Since 2,3-DPG is the main modulator for hemoglobin affinity for
. oxygen, the decrease leads to an increase in oxygen affinity of hemoglobin in aged
erythrocyte. The aged cell is then less capable of releasing oxygen in tissues. This
may be one of the most important impairments in the aging process (Kadlubowski &
Agutter, 1977; Turner ef al, 1974; Bertolini, 1962). In addition, one of the
characteristics of erythrocyte aging 1s the decrease of creatine and inactivation of
some of its enzymes, namely acetylcholinesterase, pyruvate kinase and glucose-6-
phosphate dehydrogenase etc. Therefore, content of creatine and activities of
enzymes can be employed as erythrocyte age index in assessing erythrocyte
separations (Cohen et al, 1976, Corash et al, 1974).

The membrane of erythrocyte undergoes changes during the aging processes
(Hensley et al, 1995; Schroeder et ai, 1995; Kosower, 1993). Though there had been

reports that there were no gross changes in any of the membrane components, subtle
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changes in membrane components and organization can still be observed in aged
erythrocyte (Cohen et al, 1976). Aged erythrocyte has lower total lipid content per
cell and membrane lipid to protein ratio (Winterbourn & Batt, 1970). These changes
agree with the hypothesis that aging involves a release of protein-poor vesicles from
the cell (Cohen et al, 1976). There is also a decrease of ratio of unsaturated to
saturated fatty acid residues. This may be due to lipid peroxidation during aging
(Ando et al, 1995).

There had been reports on appearance of senescent neoantigen on the surface of
aged erythrocyte (Chiarantini et al, 1995, Giger et al, 1995; Kay et al, 1991, Lornad,
1978; Tannert et al, 1977). This antigen is responsible for the binding of antibodies
present in the blood plasma. These auto-antibodies are specific for band 3
polypeptide, band 3 protein carbohydrate sequence, desialylated glycophorin
and @ -galactosyl'residues. The binding of these antibodies results in recognition of
erythrocyte and phagocytosis by macrophages, possibly with the participation of
complement. This may accelerate the clearance of aged erythrocytes from the
circulation (Kay et.al, 1991, Tannert et al, 1977).

Many researchers also studied the changes of erythrocyte during blood storage
(Godin & Caprani, 1997; Llanillo ef al, 1995; Fernadez et al, 1993, Wolfe, 1989,
Weed et al, 1969). They found that outdated bank blood has similar alternation as
senescent erythrocytes, i.e. inactivation of most enzymes, appearance of senescent

celi antigen on membrane surface, lipid peroxidation etc.
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3.2 Hypotheses of in vive erythrocyte aging

Several factors may play a primary role in erythrocyte aging and trigger
secondary aging phenomena (Tang, 1997, Aiken ef al, 1995; Ando et al, 1995; King
& Barnett, 1995; Seaman et al, 1980). Many hypotheses have been proposed and are

summarized as follows;

A. Mechanical fatigue:
During the life span of erythrocyte, the cell undergoes numerous circulation. This
may involve progressive denaturation of membrane proteins and the life span of the

cell is then terminated.

B. Metabolic depletion: |

Aged erythrocyte may lose its capacity of ATP synthesis by inactivating the key
enzymes of glycolysis and pentose phosphate shunt. This may result in failure of
ATP-dependent systems. In this case, the cell may be less able to respond to
metabolic stress and is more vulnerable to events in the circulation that may require
the ability to increase the basal rate. This may be the biochemical defect limiting the

cell life span.

C. Damaged by reactive oxygen species:
Metabolic activation of oxygen leads to formation of reactive oxygen species
(ROS), like superoxide radical anion O and hydrogen peroxide H;O,, and reactive

hydroxyl radical OH: . These species are able to inactivate proteins and initiate lipid
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peroxidation. Since erythrocyte is the cell that is most exposed to oxygen in the body,
it is most susceptible to reactive oxygen species. It results in enzyme inactivation,
lipid peroxidation, decreased lipid fluidity, impaired deformability, hemichrome
binding to band 3 protein, protein oligomerization, increased K' leakage and
increased IgG binding (Tang, 1997, Andp et al, 1995; Oliver et al, 1987). In addition,
concentration of activities of enzymes decomposing reactive oxygen species, e.g.
superoxide dismutase, catalase and glutathione reductase etc., also decrease during
erythrocyte aging (Glass & Gershon, 1981). Thus, capability of defense against

reactive oxygen species declines with age of erythrocyte.

It should be noticed that these proposed mechanisms are sometimes
controversial. There is yet no established hypothesis that can best explain the aging

process. Further studies are therefore required to unveil the full picture.

3.3 Aging and Calcium

As stated, many degenerative diseases may be related to calcium accumulation
in cell. Tt is of great interest to study the alternation of calcium homeostasis during
the aging process. In recent years, the involvement of calcium in the aging process of
erythrocytes was proposed (Aiken ef al, 1992). There were reports on the elevation
of calcium concentration in aged erythrocyte. Actually, inctease in calcium content
of erythrocyte affects rheologic behavior of the cell (Friederichs & Melselman, 1994).

This leads to decrease of cell deformability through fixing spectrin network. Thus,
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life span of erythrocyte is limited. In addition, calcium accumulation causes dose-
dependent depression in erythrocyte glutathione regeneration. This results in increase
in susceptibility to oxidative damage. Other researchers suggested that calcium
potentiated the peroxidation of membrane lipids (Jain & Shohet, 1981). Since lipids
are major components of erythrocyte membrane and are vital for maintaining its
structural and functional integrity, this may be one of the determinants of red cell
aging.

The elevation of calcium concentration during in vivo red cell aging is possible
due to the enhancement of calcium permeability under high shear flow in the
circulation. This may be primarily due to the declined ability of calcium extrusion
during aging. Since calcium is extruded by calcium pump by the use of ATP, there
had been reports on alternation of Ca®-ATPase during in vivo red cell aging
However, the results were controversial. Some researchers found that Ca**-ATPase
was 1nactivated during aging and it was very sensitive to oxidative damage (Seidler
& Swislocki, 1991; Vincenzi & Hinds, 1988). Others suggested that Ca**-ATPase
~ activity remained unchanged during the process (Clark, 1988). In addition, some
studies were concentrated on the regulators of the Ca’*-ATPase system (Glaser ef a/,
1994; Samaja er al, 1989; Ekholm ef al, 1981; Luthra & Kim, 1980). Luthra & Kim
(1980) found that there was reduced affinity of aged Ca®*-ATPase to calmodulin
while Samaja and his co-workers (1989) did not. However, there is lack of study on

the interaction of the enzyme with PMCAI during the aging process (Samaja et al,
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1989).

Many researchers also studied calcium homeostasis during blood storage (Huang
et al, 1995, Ferreira & Lew, 1975). There had been reports on alternation of Ca*'-
ATPase activity during blood preservation (Seidler & Swislocki, 1991). It was found
that activity of Ca**-ATPase declined during storage.

The study of aging of erythrocyte and blood storage attracted the attention of
many workers due to shortage supply of bank blood. It is because of many reasons.
Shelf life of bank blood is limited, basically for 120 days. There may be a shortage
_ problem when there is a dramatic increase of demand of blood transfusion or a
limited supply of blood from donors. Thus, elongation of life span of erythrocyte
during storage 1s highly desirable. Further study in this area is of practical
importance. On the other hand, as a model of aging study, information of changes of
erythrocyte in the tirculation throughout its life span may help to explain the aging
of cells and individuals.

In this study, we aim to study more about Ca*-ATPase and to see if its
regulation is involved in the aging process of erythrocyte. Through the study of
structural and functional changes of Ca*- ATPase of erythrocyte in aging and storage,
we aim to correlate the changes with the aging process of other animal cells. Through

the following objectives, we wish to achieve our goal.
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Objectives:

1. To isolate different populations of erythrocyte according to their ages

2. To conduct comparative study of interaction of Ca*-ATPase in young and aged
erythrocytes with regulators

3. To compare the interaction of Ca’-ATPase from fresh and outdated blood with
regulators

4. To purify Ca®*-ATPase from erythrocytes of different ages and from fresh and
outdated blood

5. To observe structural changes of Ca*'-ATPase during in vivo aging of erythrocyte

and blood storage
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METHODOLOGY
Materials :

Acetylthiolcholine  iodide, lactate dehydrogenase, pyruvate kinase,
- phosphoenolpyruvate, NADH-dipotassium salt, ATP-disodium salt, EGTA-disodium
salt, EDTA-disodium salt, 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), Stains-all,
formamide, ouabain, sodium orthrovanadate, calmodulin, Hepes, Tween 20, trypsin,
soybean trypsin inhibitor, Drabkin’s solution were products from Sigma Chemical
Co. Calpain I and calpain inhibitor I were purchased from Calbiochem, asolectin
from Fluka Chemie AG and Triton X-100 from Borehinger Mannheim. L-Histidine
and disodium disulphite were obtained from E. Merck while 1-amino-2-napthol-4-
sulphonic acid, sodium sulphite were from BDH Laboratory Samples. Oleic acid was
Peking’s Chemical Work. DEAE-Sephadex A-25, DEAE-Superose, Calmodulin-
Sepharose 4B were from Pharmacia Biotech Ltd and Dc Protein Assay Kit from Bio-
Rad. PM-10 and YM-2 ultrafiltration membranes were purchased from Amicon. All
other chemicals used were of analytical grades.

Human blood was freshly drawn from six volunteers while outdated human
blood was obtained from Red Cross Blood Transfusion Service. Porcine blood was

obtained from local Cheung Sha Wan Abattoir (Hong Kong),
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Methods:
1. Preparation of (Ca’+Mg')-ATPase inhibitor and activator deficient

membranes from porcine erythrocyte

Fresh porcine blood was obtained utilizing heparin as an anticoagulant. The
blood was centrifuged at 4,600 x g for 10 minutes to remove the supernatant, i.e.
plasma and tdp layer of white blc;od cells. The erythrocytes obtained were
washed three times with isotonic buffer (0.155M NaCl, 2mM histidine, 2mM
EDTA) at pH 7.4. The cells were then lysed by hypotonic buffer (2mM histidine,
2mM EDTA, pH 7.4) in the ratio of 1 part cell to 9 parts buffer. The hemolysate
was centrifuged at 39,000 x g for 30 minutes to sediment membranes. The
membranes obtained were washed by the same buffer for three times and re-
suspended in 10mM Tris-HCI, pH 7.4 buffer. Those were further washed 3 times
to remove EDTA. The final re-suspended membranes were ready for activity and

protein assay.

2. Partial purification of Plasma Membrane Ca**-ATPase Protein Inhibitor
(PMCATI) from porcine erythrocytes
The purification of Plasma Membrane Ca’-ATPase Protein Inhibitor
(PMCALI) was modified from that of Au {1996). Fresh porcine erythrocytes were
obtained and lysed as described in the preparation of membranes. The
hemolysate was centrifuged at 39,000 x g for 30 minutes to sediment membranes.

The membrane-free hemolysate was then subjected to ultrafiltration through PM-
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10 Amicon membrane. The ultra-filtrate obtained was then further concentrated
20-fold by YM-2 Amicon membrane. The concentrate was dialyzed (molecular
weight cut off: 3500) against 50mM Imidazole buffer, pH 5.2.

The dialyzed protein sample was loaded onto DEAE-Sephadex A-25 anion
exchange chromatography at 4°C. The column was first equilibrated by 50mM
Imidazole, pH 5.2. The column had a bed volume of 120ml and a flow rate of
40ml/hr. The column was then washed by S0mM Imidazole, 0.1M NaCl, pH 5.2
after loading of protein sample until absorbance at 280nm returned to baseline
level. The bound protein was eluted with a linear 0.1-0.25M NaCl gradient buffer
lasting for 16 hours. The fractions collected were screened for inhibitor activity
by inorganic phosphate assay and the active fractions were pooled for further
study and PMCALI protein determination.

Besides, 'YM-2 concentrate was also loaded onto DEAE-Superose Fast
Flow column (bed volume of 30ml) of AKTA Explorer iOO. The purification step
was the same as that for DEAE A-25 column chromatography except that the

flow rate was changed to 5ml/min.

3. Isolation of membrane-bound Ca*’-ATPase from porcine erythrocytes

according to different ages

Porcine erythrocytes were separated into different age groups based on their

density as described by Murphy (1973) with modifications. Fresh porcine blood
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was first centrifuged at 4,600 x g for 10 minutes. Buffy coat was then removed
while the plasma was saved. The packed cells obtained were suspended at a
hematocrit of 90% with their own plasma. They were then put into centrifuge
tubes (14 x 97mm) equipped with adapters and centrifuged at 30°C in a fixed-
angle rotor at 34° at 39,000 x g for 1 hour. After centrifugation, the top 5% and
bottom 5% cells were obtained. The procedures for preparation of membrane
from top 5% and bottom 5% cells were the same as that of whole blood.

The mean corpuscular hemoglobin concentration (MCHC) of the cells and
acetylcholinesterase activity of the membranes prepared were measured to assess
the success of separation. Since MCHC increases while acetylcholinesterase
activity decreases when erythrocyte ages (Piomelli ef al, 1967, Ganzoni et al
1976, Kadlubowski & Agutter, 1977), success of separation of erythrocytes was

confirmed by comparing the data obtained from top and bottom cells.

4. Preparation of (Ca**+Mg’')-ATPase inhibitor and activator deficient

membranes from fresh and outdated human blood

Freshly drawn human blood was obtained utilizing citrate-phosphate-
dextrose-adenine (CPD-A) solution as an anticoagulant. The procedures for
preparation of membrane protein was the same as that for porcine erythrocytes.

Outdated bank blood was already removed from buffy coat. The procedure

for preparation of membrane protein was the same as that for porcine erythrocyte.
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5. Study of the interaction of membrane-bound Ca*’-ATPase from porcine
erythrocytes and human blood with regulators
Membrane-bound Ca*-ATPase activity was assayed by using coupled-enzyme
assay. To determine the presence of Ca*"-ATPase activity in the membrane prepared,
the membrane was subjected to different treatments. Ca™-ATPase activity was
determined in the presénce of 10 units calmodulin, 3 £ M sodium orthrovanadate or
0.025 1 M oleic acid.

To study the interaction of the membrane enzyme with its regulators,
activities were determined in the presence of oleic acid (0.001-0.025 y M),
calmodulin (0.05-1unit), PMCAI (0.02-0.2 i g) individually in the range of 0-
1.25mM ATP in the assay medium.

To study the controlled proteolytic treatment of the membrane-bound
enzyme, both trypsin and calpain were employed. For the tryptic effect, the
membrane was incubated with 0.0025 x 10° % trypsin at 37°C for 5 minutes. 10-
fold soybean trypsin inhibitor then added to stop the reaction and Ca*-ATPase
activity was then determined. The procedure for calpain digestion of the membrane
was the same as that of trypsin. 1 unit of calpain I was added into the membrane
and the mixture was incubated for 10 minutes. The reaction was stopped by 10-fold

calpain inhtbitor [.
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6. Purification of Ca**-ATPase from porcine and human erythrocytes
The purification steps were based on the method described by Niggli ez a/
(1979) with some modifications. Membrane-bound Ca**-ATPase was first
solubilized in 50-fold volume 0.5% Triton X-100, 300mM KCI, 10mM Hepes,
ImM MgCl,, 2mM DTT, pH 7.4 for each milligram membrane protein. The
mixture was sti?‘red gently at 4°C for 10 minutes. and it was subjected to
centrifugation at 100,000 x g for 60 minutes. Clean supernatant was then added to
equal volume of buffer (0.1% asolectin, 0.05% Triton X-100, 2mM DTT, pH 7.4).
The solution was then loaded onto Calmodulin-Sepharose 4B column (bed volume

of 5ml) with flow rate of 10 ml/hr.

The column was first equilibrated by 0.5% Triton X-100, 200mM KClI,
10mM Hepes, 1mM MgCl,, 0.1mM CaCl,, 2mM DTT, 0.1% Asolectin, pH 7.4.
The column was washed by 0.05% Triton X-100, 300mM KCI, 10mM Hepes,
lmMAMgClz, 0.5mM CaCl,, 2mM DTT, 0.1% asolectin, pH 7.4 after sample
loading until the absorbance at 280nm was returned to baseline. The column was
then eluted by 0.05% Triton X-100, 300mM KCl, 10mM Hepes, 2mM DTT, 0.1%
asolectin, 2mM EDTA, pH 7.4. Ca*-ATPase activity of each fraction was

determined by coupled-enzyme assay and the active fractions were pooled.

7. SDS-polyacrylamide gel electrophoresis of Ca**-ATPase

Ca*-ATPase was subjected to electrophorests based on Laemmli (1970).
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Aliquots of the enzyme samples were first precipitated with 10% Trichloroacetic
acid. The precipitate was washed one time with 5% Trichloroacetic acid and then
three times with deionized distilled water. The pellet was then resuspended in a
buffer containing 60mM Tris-Cl, pH6.8, 2% SDS, 4M Urea, 0.001% bromophenol
blue and 3% mercaptoethanol (v/v). The mixture was heated for 4 minutes in a
boiling water bath.and was then applied to polyacrylamide gel (Niggli ef al, 1979).
7.5% polyacrylamide gel with a thickness of 1.5mm was used. The protein was

visualized by staining with Coomassie brilliant blue R-250.

. Western-blot analysis of Ca**-ATPase

Ca’-ATPase separated by SDS-polyacrylamide gel electrophoresis was
transferred to PVDF membrane. The membrane was blocked with 3% bovine
serum albumin (BSA) for 1 hour and washed with TBS-T {(10mM Tris-HCI,
500mM NaCl, 0.05% Tween-20, pH 7.0). The membrane was then incubated with
isoform specific antibody for PAMMCA! (IN) raised from rabbit (diluted 1/500 in
TBS-T with 0.1% BSA, raised from rabbit) (Stauffer ef a/, 1995) overnight. After
washing the membrane, it was then incubated with anti-rabbit IgG horseradish
peroxidase conjugate {diluted 1/1000 in TBS-T with 0.1% BSA) for 1 hour. After

the incubation, the transblotted proteins were detected by ECL method.
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9. Protein determinations - Dc Protein Assay
Dc Protein Assay Kit (Bio-Rad) was employed to measure protein content
of the sample. The assay was a modified method of Lowry assay (Lowry ef al,

1951). The protein content was calibrated against a bovine serum albumin (BSA)

standard.

10. Ca*-ATPase activity assay —Coupled-enzyme assay

The Ca®*-ATPase activity of the enzyme sample was assayed by using
coupled-enzyme assay (Au & Siu, 1992). This assay linked hydrolysis of ATP by
Ca”-ATPase in the presence of excess pyruvate kinase (PK), lactate
dehydrogenase (LDH) and phosphenclpyruvate (PEP). One unit of Ca*'-ATPase
was defined as 1 mole NADH oxidized per minute.

The assay” medium contained 80mM NaCl, 28mM KCI, 3.6mM MgCl,,
0.2mM CaCl,, 0.1mM EGTA, 2.5mM ATP, 0.lmM ouabain, 0.2mM NADH,
2.5mM PEP, 2 units PK, 5 units LDH, 80mM histidine, pH 7.4 in a final volume
of 1ml. The reaction was monitored continuously by spectrophotometer at 37°C
at 366nm by addition of sample (30 ¢ g protein). The mixture without addition of
NADH was used as the reference. Each sample was assayed in triplicate and

error within 5% was accepted.

43



11, PMCALI protein determinations-Stains-all absorption spectrum

12,

Stains-all absorption spectrum (Campbell et al, 1983) was employed to
measure protein contentr of partially purified PMCAI. Standard solution
contained 10mM Tris-base, 0.001% Stains-all, 0.1% formamide, pH 8.8 was
prepared. Partially purified PMCAI (200 2 1) was added to 1ml standard solution.
After incubation at‘ room temperature in the dark for 30 minutes, absorbance at
600nm was measured against a control solution, i.e. containing no protein. The

protein content was quantified by using calmodulin as standard.

Screening of inhibitory activity- Inorganic phosphate assay

The assay was a modified method of Friske and Subbarrow (1925) and was
used for screening of inhibitory activity of post-DEAE-A25 and post-DEAE-
Superose fractions. The assay medium contained 80mM NaCl, 28mM KCl,
3.6mM MgCl,, 0.2mM CaCl,, 0.1mM EGTA, 2.5mM ATP, 0.1mM ouabain,
80mM histidine, pH 8.0 in a final volume of 0.6ml. Porcine membrane-bound
Ca*-ATPase (60 u g protein) was incubated for 0 and 1 hour at 44°C with or
without addition of the column fraction.

The reaction was terminated by addition of 1ml ice-cold 10% trichloroacetic
acid. Precipitates were removed by centrifuged at 1,500 x g for 10 minutes at 4°C.
Iml clean protein-free supernatant was then transferred to 3.3ml deionized

distilled water to which 0.5ml 2.5% ammonium heptamolybdate in 5N H,S0,
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13.

and 02ml freshly prepared ANSA reagent (02% 1-amino-2-naphthol-4-
sulphonic acid, 2% sodium sulphite, 6% disodium bisulphite) were added
consecutively. Absorbance at 650nm was recorded 10 minutes after the addition
of reagents. Amount of inorganic phosphate was calibrated against KH,PO, up to
2 11 mole. Percentage inhibition of the fraction was then determined by comparing
with the basal ;ctfvity of the membrane enzyme. Each sample was assayed in

triplicate and error within 5% was accepted.

Assay of erythrocyte membrane acetylcholinesterase activity

This enzyme assay, together with mean corpuscular hemoglobin
concentration (MCHC) determination were assayed to assess the separation of
young and old red cells. Acetylcholinesterase activity of erythrocyte membrane
was measured (modified from Ellman and his co-workers, 1961). The assay
medium contained 3ml 0.1M sodium phosphate buffer, pH 8, 20 #1 75mM
acetylthiocholine iodide and 100 ¢z | DTNB reagent (10mM DTNB, 18mM
sodium hydrogen carbonate in 0.1M sodium phosphate buffer, pH 7). Membrane
was added to the assay medium and the reaction was monitored
spectrophometrically at 412nm at 25°C against a reference without addition of

membrane.
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14. Mean corpuscular hemoglobin concentration (MCHC) of blood sample

determination

Mean corpuscular hemoglobin concentration of blood sample was
determined according to Bain (1994). 20 121 blood sample was added into 5ml
Drabkin’s solution. After standing the mixture for 10 ininutes, the absorbance at
540nm was measured by using Drabkin’s solution as a blank. The amount of
hemoglobin concentration (Hb) was calibrated against cyanmethemogliobin
standard solution. Packed cell volume (PCV) of the blood sample was also

measured. MCHC was then calculated by the following formula:

Hb (g / 100mI)
x 100 %

PCV (%)
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RESULT
1. Assay of erythrocyte membrane Ca**-ATPase activity

In this study, we aim to investigate the alternation of Ca*-ATPase and its
regulation during both in vivo aging of erythrocyte and blood storage. Ca**-ATPase
is present in plasma membrane in minute amount and it is very labile in solubilized
state. It is difficult td purify it in large quantities for the study of regulation of the
enzyme. Whereas, membrane ghost is comparatively stable and it better represents
the natural state of Ca*-ATPase. Large quantities of membrane ghosts can be
easily prepared and it can be easily available for the enzyme study. Thus, the study
was focused on the Ca™-ATPase of erythrocyte membrane. In the preliminary
study, the protocol of preparation of Ca*-ATPase from erythrocyte membrane and
the assay for Ca’**-ATPase activity were optimized. The preparation of erythrocyte
membrane from porcine blood was described in Methodology.

After separating porcine erythrocytes from plasma, they were lysed by
hypotonic buffer containing EDTA. The membrane obtained was washed by same
buffer and then by Tris HCI buffer containing EDTA to remove membrane-bound
calmodulin. Porcine erythrocyte membrane obtained was then subjected to coupled
enzyme assay and inorganic phosphate assay to determine the presence of Ca™'-
ATPase activity. The assay medium contained 80mM NaCl, 28mM KCl, 3.6mM
MgCl,, 0.2mM CaCl,, 0.lmM EGTA, 2.5mM ATP, 0.1mM ouabain, 80mM

histidine, pH 7.4. The ATPase activity of the membrane was determined under
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different treatments and the result is shown in Table 1.

Results in Table 1 show that the enzyme in the ghost is P-type ATPase as it
was inhibited by vanadate (Rossi ef al, 1981; Varecka & Carafoli, 1982; Carafoli,
1992). Majority of enzymes present in the porcine erythrocyte was ouabain-
insensitive. In the presence of ouabain, only ouabain-insensitive ATPase activity
was measured. Since Na™-K'-ATPase is sensitive to ouabain, majority of Na'-K'-
ATPase activity of the membrane was suppressed in the assay medium. The
amount of Na*-K*-ATPase present in the ghost is indeed minute. This is shown by
the ATPase activity measured without the addition of ouabain as it was roughly the
same as basal activity of the enzyme.

The findings obtained show that in the prepared membranes, there existed
an enzyme with properties similar to that of Ca*-ATPase. The enzyme was
stimulated by calmodulin and oleic acid (Bond & Clough, 1973; Ronner et al, 1977)
and inhibited by vanadate. In addition, activity of the enzyme was almost
negligible in the absence of calcium. It shows that the membrane-bound enzyme
was calcium-dependent ATPase and it is likely corresponding to calcium pump.
The protocol of preparation of membrane ghost and the assay system were thus
established in this study.

By comparing both coupled-enzyme and inorganic phosphate assay, similar
results were obtained. Both methods were used for determining Ca*'-ATPase

activity. In this study, it was found that sensitivity of coupled-enzyme assay was
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Table 1 ATPase activity of porcine erythrocyte membrane

Treatment Specific activity of ATPase
(unit / mg membrane protein)
Coupled-enzyme Inorganic phosphate
(n=10) (n=10)
Basal 0.061+0.002 0.06020.001
Assay medium without cuabain 0.065+0.001 0.067+0.003
Assay medium without Ca® 0.001 0
Calmodulin (10 units) 0.17040.01 0.160+0.02
Oleic acid (0.025uM) 0.2144+0.01 0.20010.02
Sodium orthrovanadate (3uM) 0.01140.001 0.010+0.002

ATPase activity of EDTA-washed membrane ghost from porcine erythrocyte was determined
under different treaEments by coupled-enzyme and inorganic phosphate assay. The assay
medium contained 80mM NaCl, 28mM KCI, 3.6mM MgCl,, 0.2mM CaCl,, 0.1mM EGTA,
2.5mM ATP, 0.1mM ouabain, 80mM histidine, pH 7.4. For the coupled-enzyme assay, the
reaction was monitored by spectrophotometer at 37°C at 366nm by addition of 30ug
membrane protein. 1 unit of Ca®*-ATPase activity = 1 pmole NADH oxidized per min. For
the inorganic phosphate assay, 60pg membrane protein was incubated with assay medium at
44°C and the reaction was terminated by addition of ice-cold trichloroacetic acid. The
mixture was then subjected to Friske and Subbarrow’s method (1925) for determination of
inorganic phosphate. Amount of inorganic phosphate liberated was measured at absorbance
at 650nm. 1 unit of Ca**-ATPase activity = ! pmole Pi liberated per min, Each sample was
assayed in triplicate and error within 5% was accepted. Data are mean + SD from 10

experiments.
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much higher. Tt could detect small changes of response even in minute amount of
enzyme, e.g 10 ;g membrane protein while the detection limit of inorganic
phosphate assay was 50 ¢ g membrane protein. The coupled-enzyme assay was thus
used for kinetic study of Ca*-ATPase. However, inorganic phosphate assay was
convenient when Ca”-ATPase activity pf batches of samples were measured. This
method was employed for screening of inhibitory activity in the fractions collected

during purification of protein inhibitor (PMCAI).

2. Preparation of membrane-bound Ca*-ATPase from young and old porcine

erythrocytes

After establishing the assay system and the protocol of preparing of
membrane-bound Ca**-ATPase, study of in vivo aging effect on the Ca*-ATPase
was performed. Porcine erythrocytes were first separated into different populations
of age group. The separation of erythrocytes in different age groups is well-
established in rabbit and human (Vettore et a/, 1980; Corash et a/, 1974, Rahman
et al, 1973), but not in porciﬁe blood. Porcine erythrocytes were separated into
different age populations on the basis of density differences by centrifugation
(Murphy, 1973). After centrifugation, the top 5% and bottom 5% cells were
collected. Since mean corpuscular hemoglobin concentration (MCHC) of
erythrocyte increases (Piomelli ef al. 1967, Ganzoni et al 1976) while its
acetylcholinesterase activity decreases (Kadlubowski & Agutter., 1977), in the

aging process, these two properties were used as markers to assess the success of
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separation. The result is shown in Table 2.

From Table 2, it shows that the alternation of both acetylcholinesterase activity
and MCHC of top 5% and bottom 5% cells followed the general trend of
erythrocyte during aging. The ratio of acetylcholinesterase activity of top 5% to
bottom 5% cells was 1.4: 1 while the MCHC ratio was 1: 1.1. The results obtained
were reproducible for many trials (n=10). Thus, the bottom 5% cells separated by
modified Murphy’s method were indeed enriched with aged erythrocytes. It was
the first attempt to separate porcine erythrocytes into different age groups
according to their density differences. The protocol worked out in this study was
successful and the isolated cells and their membranes were used for the following

studies on regulation of Ca**-ATPase during aging.

3. Membrane-bound Ca**-ATPase activity in young and aged erythrocytes
The membrane-bound Ca**-ATPase in young and aged erythrocytes were
successfully ﬁrepared. They were then subjected to coupled-enzyme assay to find
out if there were any alternations during aging of erythrocytes. Comparative study
of membrane-bound Ca*"-ATPase in young and aged erythrocytes with respect to
their response towards substrate, i.e. ATP, was conducted. Double-reciprocal plot
was obtained which was derived from a linear transformation of the Michaelis-

Menten equation , i.e. Vi [S] . Figure 5 shows the membrane
Vo=

K.+ Sl
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Table 2 Age-markers of top 5% and bottom 5% erythrocytes

Marker Top 5% cells Bottom 5% cells
(n=10) (n=10)

Acetylcholinesterase activity :

(unit / g membrane protein) 0.031+0.002 0.02240.001

MCHC (%) 2840.5 31403

Porcine erythrocytes (PCV=90%) were subjected to centrifugation at 30°C in a fixed-angle
rotor at 34° at 39,000 x g for 1 hour. After centrifugation, top 5% and bottom 5% cells were
obtained. Acetylcholinesterase activity and mean corpuscular hemoglobin concentration
(MCHC) were then determined. Data are mean + SD from 10 experiments. The differences
between the age-markers in top cells and bottom cells significant at p<0.05 by student t-test.
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Young cell
Vmax=0.066unit‘mg mb. prot.

8 r Lineweaver-Burk plot Km(ATP)=0.093mM*
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/v funit? % 10%) Km(ATP)=0,06 2mh{*
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1/[ATP] (mM™)

Figure 5 Double-reciprocal plot: Response of Ca’*-ATPase in young and aged
erythrocytes vs ATP

Ca™*-ATPase activity of 30ug membrane protein was measured by coupled-enzyme assay in
the presence of ATP (0 - 1.25mM). Each sample was assayed in triplicate and error within
5% was accepted. The plot represents means from 6 experiments, * The differences are
significant with p<0.05,
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Ca’-ATPase activity of the two different age groups with respect to ATP
concentration. It was found that V,_ of Ca*-ATPase of young and aged
erythrocytes were 0.066 unit / mg membrane protein and 0.060 unit / mg
membrane protein respectively. The difference was not significant. However, for
K,.(ATP) of Ca®-ATPase, there was significant difference (n=6, p<0.05). The
values for young and' aged cells were 0.093mM and 0.062mM. The alternation may
be due to alternation of regulation of the enzyme. Thus, interaction of membrane-
bound Ca”-ATPase from different age populations with regulators was further

investigated.

4. Interaction of membrane-bound Ca**-ATPase from different age populations
with activators
Ca’-ATPase in natural state is subjected to regulation by endogenous
regulators. In order to find out whether Ca*-ATPase has changes in regulation
during aging, its interactions with various regulators were studied. The membrane-
bound Ca®-ATPase was assayed in the presence of regulators individually by
coupled-enzyme assay. The regulators being studied were calmodulin, oleic acid,
trypsin and calpain.
The first regulator to be studied was calmoduiin, which is a well-known
activator of Ca’*-ATPase. It was found that the affinity and response of the enzyme

towards calmodulin were about the same during the aging process (Figure 6 & 7).
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Young cell i

Fae=0.083unitimg mb. prol.
Kaofcalmodulint=0.062U
.

o Aged cell
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Kafoalmodufin) =0.654U

. s

0.2

[+

02 04 0.6 0.8
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Figure 7 Secondary plot: Response of Ca’*-ATPase in
young and aged erythrocytes towards calmodulin
The plot represents means from 6 experiments.
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K, (calmodulin) and V_,, were 0.062U and 0.083 unit / mg membrane protein for
young cells while that for the aged was 0.054U and 0.1 unit / mg membrane
protein respectively.

In addition, response of the enzyme towards oleic acid was studied. With
respect to oleic acid (Figure 8 & 9), K, (oleic acid) were found to be 10 and 13.6
#M for young and aged cells (n=6, p<0.05). The maximal activities of the
enzyme from young and aged cells were 0.088 and 0.077 unit / mg membrane
protein. The difference was small and insignificant.

Ca”-ATPase is also known to be stimulated by controlled proteolysis
(Rossi & Schatzmann, 1982). Trypsin was first chosen for the study of effect of
controlled proteolysis on the pump as it is easily available. In controlled tryptic
proteolysis, the membrane was first incubated with 0.0025 x 10 % trypsin for 5
minutes, then 10-fold soybean trypsin inhibitor was added to stop the reaction.
The Ca’-ATPase activities of treated and untreated membranes were
subsequently determined. From the result, it was found that membrane-bound
Ca’*-ATPase activity in aged erythrocyte was increased by around 80% while the
activation effect was not significant in young cell (Table 3).

Trypsin was used in this study to mimic the effect of intracellular Ca**-
dependent proteolysis effect. The finding indicates there is alternation in response
of the enzyme towards trypsin during the aging process. It would be more

preferable to study the effect of endogenous protease in the cell. Thus the effect
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Figure 9 Secondary plot: Response of Ca’*-ATPase in

young and aged erythrocytes towards oleic acid
The plot represents means from 6 experiments. * The differences are significant

with p<0.05.

61



Table 3 Controlled tryptic proteolysis of membrane-bound Ca’*-ATPase

in young and aged porcine erythrocytes

Specific activity of Ca’*-ATPase
{unit / mg membrane protein)
Young cell Aged cell
(n=3) (n=5)
Basal _ 0.060+0.001 0.062+0.001
+0.0025x10” Trypsin 0.06310.001 0.113+0.002
% Activation 5% 82%

40pg membrane protein was first incubated with 0.0025 x 10 trypsin at 37°C for 5 minutes
and the proteolysis was stopped by addition of 10-fold of soybean trypsin inhibitor. Ca**-
ATPase activity of the membrane was then determined by coupled-enzyme assay. Each
sample was assayed in triplicate and error within 5% was accepted. Results are mean + 1 SD
obtained from 5 experiments.
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of potent calcium-dependent protease, calpain, on Ca’-ATPase activity was
further investigated. The membrane-bound enzyme was subjected to proteolysis
by calpain instead of trypsin. The procedure for calpain digestion of the membrane
was similar to that of trypsin proteolysis. Membrane-bound Ca**-ATPase was first
incubated with 1 qnit of calpain [ and the reaction was stopped by 10-fold calpain
inhibitor I. The enzyme activities of both treated and untreated membranes were
then determined and the results are shown in Table 4. A similar trend of alteration
of response as in previous tryptic treatment was observed. The activation effect of
calpain on Ca*’-ATPase in aged erythrocytes, however, was much higher, to be
around 90%. The result shows that the response of Ca**-ATPase towards calpain

increases during in vivo aging of erythrocyte.

. Partial purification of Ca**-ATPase inhibitor protein (PMCAI) from porcine
erythrocytes

*After studying the response of Ca®*- ATPase towards activators during the
aging process, study was then focused on the inhibitor of the enzyme. Ca**-ATPase
inhibitor protein {PMCALI) is the least characterized candidate amongst the
regulators. Before studying the interaction of Ca**-ATPase with its regulators, Ca* -
ATPase inhibitor protein (PMCAI) was first purified from porcine erythrocytes.
Plasma membrane Ca*'-ATPase inhibitor protein (PMCAI) from porcine
hemolysate was partially purified by anion-exchange chromatography. The YM-2

concentrate of PM-10 filtrate from porcine hemolysate was loaded onto DEAE-
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Table 4 Controlled calpain proteolysis of membrane-bound Ca™-
ATPase in young and aged porcine erythrocytes

Specific activity of Ca’*-ATPase
(unit/ mg membrane protein)
Young cell Aged cell
(n=3) (n=3)
Basal R 0.060+0.001 0.0620.001
+ 1 unit Calpain I 0.065+0.002 0.120+0.003
% Activation 8% 94%

40pg membrane protein was first incubated with lunit calpain I at 37°C for 10 min. and the
proteolysis was stopped by addition of 10-fold of calpain inhibitor I. Ca*"-ATPase activity of
the membrane was then determined by coupled-enzyme assay. Each sample was assayed in
triplicate and error within 5% was accepted. Results are mean + 1 SD obtained from 5

experiments.
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Sephadex column (bed volume: 120mi) with flow rate of 40ml/hr. The column was
first equilibrated with imidazole. HCl, pH 5.2 and the column was washed by 0.1M
NaCl buffer after sample loading. The column was then eluted by linear 0.1-0.25M
NaCl gradient. The fractions collected were screened for inhibitory activity by
inorganic phosphatg assay. The activity and elution profiles are shown as Figure 10.

From the proﬁles, it shows that fractions containing the PMCAI were eluted
between 0.165 and 0.18M NaCl. The degree of inhibition of Ca*-ATPase was
around 33 to 52%. The result obtained here agrees with that of Au (1996). The
protein content of pooled active post-DEAE-Sephadex fractions was determined by
Stains-all absorption spectrum and the estimated yield of partially purified PMCAI
was 0.112 mg PMCALI/L packed cells.

In addition, DEAE-Superose Fast Flow column of ATK-A Explorer 100 was
also used for the purification of PMCAI. The bed volume of the column was 30ml
with the flow rate of S5ml/min instead. The elution profile of the column is shown in
Figure 11. It was found that the elution profile of the column was simtlar to that of
DEAE-Sephadex column (Refer to Fig. 10 ) except that the percentage of inhibition
and the estimated yield of PMCAI were much lower. Ca®'-ATPase activity was
inhibited by 21% and the yield of partially purified PMCAI was only 0.03mg

PMCALI/L packed cells.

It was the first time that DEAE-Superose column of AKTA system was

employed for the preparation of PMCAL. The result obtained showed that this could
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Figure 10 Elution profile of DEAE-Sephadex A-2S5 column chromatography for
the purification of plasma membrane Ca’*-ATPase protein inhibitor
 (PMCAI)

YM-2 concentrate from 200ml packed cells was loaded onto DEAE-Sephadex A-25
column (bed volume: 120ml) with flow rate of 40ml/mim. The column was equilibrated by
50mM imidazole buffer, pH 5.2 and was eluted by 0.1-0.25M NaCl gradient. The fractions
were screened for the presence of PMCALI by inorganic phosphate assay.
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Figure 11 Elution profile of DEAE-Superose column chromatography for the
purification of plasma membrane Ca*-ATPase protein inhibitor

(PMCATI)
YM-2 concentrate from 200ml packed cells was loaded onto DEAE-Superose column
(bed volume: 25ml) with flow rate of Sml/mim. The column was equilibrated with 50mM
imidazole buffer, pH 5.2 and was eluted by 0.1-0.25M NaCl gradient. The fractions were '
screened for the presence of PMCAI by inorganic phosphate assay.
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be an alternative choice. Though the running time for the DEAE-Sephadex column

was much longer, it was more preferable for the purification of PMCAI for the

following study on regulation of Ca*-ATPase.

6. Effect of endogenous PMCAI on membrane Ca’*-ATPase of young and old
erythrocytes

The response of Ca**-ATPase in the two age populations of erythrocytes
towards its protein inhibitor (PMCAI) was then studied. As revealed from the
double-reciprocal and second@ plot (Figure 12 & 13), the maximal response of
membrane-bound enzyme in young and aged cells towards PMCAI were 0.022
and 0.011 unit / mg membrane protein The difference is largely significant (n=6,
p<0.05). However, the difference between the K; (PMCAI) of the enzyme in young

and aged cells was relatively small, i.e. 0.029 and 0.026 y g respectively.

7. Membrane Ca**-ATPase activity in fresh and outdated human erythrocytes
The findings of the changes in Ca®*-ATPase and its regulation in young and
old erythrocytes were informative. It provides us an area to look into the possible
mechanism of aging. It would be beneficial if this animal model can apply to
human bank blood too. The alternation of during blood storage and the
preservation of bank blood have always been some of the areas of interest for
blood transfusion. Thus, the work was then extended to study on the alternation of

Ca®'-ATPase during blood storage.
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Figure 13 Secondary plot: Response of Ca’*-ATPase in
young and aged erythrocytes towards PMCAI

The plot represents means from 6 experiments. * The differences are
significant with p<0.035.
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For the comparative study in membrane Ca*-ATPase with respect to the
response towards different concentrations of ATP (Figure 14), it shows that V,, of
Ca”-ATPase in fresh and outdated human erythrocytes were 0.043 unit/ mg
membrane protein and 0.040 unit / mg membrane protein. The difference was
found not significant. However, for K, (ATP) of Ca*-ATPase, there was significant
difference (n=6, p<d.05). The values for fresh and outdated cells were 0.098mM

and 0.065mM respectively.

8. Study of interaction of membrane-bound Ca**-ATPase with regulators during
human blood storage with regulators
Since affinity of Ca*-ATPase towards ATP changed during blood storage,
there may be changes in the regulation of the enzyme by its regulators. The
interactions of Ca®*-ATPase with various regulators were studied in order to find
out whether the enzyme has been altered in regulation during blood storage. The
membrane-bound Ca>-ATPase was assayed in the presence of regulators
individually.
The affinity and response of the enzyme towards calmodulin was found to
be nearly the same during the aging process (Figure 15 & 16). K, {(calmodulin) and
V... were 0.060U and 0.058 unit / mg membrane protein for fresh blood while that

for the outdated blood was 0.054U and 0.065 unit / mg membrane protein.
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Figure 14 Double-reciprocal plot: Response of Ca**-ATPase in
fresh and outdated human blood vs ATP

Ca®*-ATPase activity of 30ug membrane protein was measured by coupled-enzyme
assay in the presence of ATP (0 - 1.25mM). Each sample was assayed in triplicate
and error within 5% was accepted. The plot represents means from 6 experiments.
* The differences are significant with p<0.05.
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Fresh blood
Vmax=0.065unit/mg mb. proi.
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Figure 16 Secondary plot: Response of Ca**-ATPase in
fresh and outdated human blood towards calmodulin

The plot represents means from 6 experiments.
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Response of the enzyme towards other activators such as oleic acid and
proteolytic digestion were also studied. With respect to oleic acid (Figure 17 &
18), K, (oleic acid) were found to be 11 and 14.5 2 M for fresh and outdated cells
(n=6, p<0.05). The maximal activity of the enzyme from fresh and outdated
blood was 0.059 and 0.051 unit / mg membrane protein and the difference was
small.

In controlled tryptic proteolysis, the membrane was first incubated with
0.0025 x 10% % trypsin for 5 minutes, then 10-fold soybean trypsin inhibitor
added to stop the reaction. The Ca**-ATPase activities of treated and untreated
membranes were determined. The membrane-bound Ca®-ATPase in aged
erythrocytes was found to increase by around 60% while the activation effect was
not significant in fresh cells (Table 5).

The effect of calpain on Ca*’-ATPase activity was also studied. The result
obtained was similar to that of controlled tryptic effect. Membrane-bound Ca**-
ATPase was first incubated with 1 unit of calpain I and the reaction was stopped
by 10-fold calpain inhibitor 1. The enzyme activities of both treated and untreated
membranes were then determined and the result is shown in Table 6. There was
similar activation effect of calpain on Ca™-ATPase compared with tryptic
treatment, however, the effect of calpain on the pump in outdated blood was
much higher though not significant, to be 65%.

In addition, the response of Ca*"-ATPase towards its protein inhibitor
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Figure 18 Secondary plot: Response of Ca**-ATPase in

fresh and outdated human blood towards oleic acid
The plot represents means from 6 experiments. * The differences are

significant with p<0.05.

80

0.03



Table 5 Controlled tryptic proteolysis of membrane-bound
Ca™-ATPase from fresh and outdated blood

Specific activity of Ca’*-ATPase
(unit/ mg membrane protein)
Fresh blood Outdated blood
. (n=5) (n=5)
Basal | 0.043+0.001 0.040+0.001
+0.0025x10° Trypsin 0.049+0.001 0.064+0.001
% Activation 14% 60%

40pug membrane protein was first incubated with 0.0025 x 107 trypsin at 37°C for 5 minutes
and the proteolysis was stopped by addition of 10-fold of soybean trypsin inhibitor. Ca™-
. ATPase activity of the membrane was then determined by coupled-enzyme assay. Each
sample was assayed in triplicate and error within 5% was accepted. Results are mean + 1 SD
obtained from 5 experiments.
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Table 6 Controlled calpain proteolysis of membrane-bound
Ca>-ATPase from fresh and outdated blood

Specific activity of Ca’*-ATPase
(unit/ mg membrane protein)
Fresh blood Aged blood
(n=5) (n=5)
Basal 0.043+0.001 0.040+0.001
+ 1 unit Calpain I 0.050+0.001 0.06610.002
% Activation 16% 65%

40pg membrane protein was first incubated with lunit calpain I at 37°C for 10 min. and the
proteolysis was stopped by addition of 10-fold of calpain inhibitor 1. Ca**-ATPase activity of
the membrane was then determined by coupled-enzyme assay. Each sample was assayed in
triplicate and error within 5% was accepted. Results are mean + 1 SD obtained from 5

experiments.
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(PMCAI) during blood storage was studied. The double-reciproca! and secondary
plot (Figure 19 & 20) shows that the response of membrane-bound enzyme from
fresh and outdated blood towards PMCAI were 0.024 and 0.013 unit/mg
membrane protein. The difference is largely significant (n=6, p<0.05). However,
the difference between the K,-(PMCAI). of the enzyme in fresh and outdated blood
found was small, i.e. 6.029 and 0.026 1 g respectively.

From the results on the regulation of Ca*-ATPase in fresh and outdated
human blood, they show that there are changes in the regulation of the pump
during blood storage. The alternation during both in vivo and in vitro aging of
erythrocytes may be due to alternation of the calcium pump itself. Subsequently,

the study was then focused on the calcium pump itself.

. Purification of Ca**-ATPase from porcine and human erythrocytes

To study if there are any structural and conformational alteration of Ca*-
ATPase itself during in vivo aging and blood storage, the enzymes should be
purified first. Purification of membrane-bound Ca**-ATPase from young and aged
erythrocytes by calmodulin-affinity column chromatography was performed in
parallel. The membranes were first solubilized by Triton X-100 and were re-
suspended in an environment with phosphatidylserine. The solubilized enzymes
were then loaded onto the column. The column was eluted with calcium buffer and

then followed by the EDTA buffer

83



002

061

v8

(AW [dLv] /1
001

0§

0s-

IVOWdON T -
VI 8nz00 g

VI 3000 ¥
IVOWd 8n1g m ‘

VI 3050

-

IVDWd 3nz'p m

poolq ysaiy

44 13 ol

{wdldavl 1)

1vdWd Poggg
trImd $ntg
1¥20Md Sagrg .7

¥ 23d Bnz g

ot

(olx humagg

(3%

oy

01

<l

vi

91

(O1x Jum)a;



c8

‘uonesredasd suriquiaur jendAy e sjuasaidal aaoqe joid ay | pa1dasor sem o4¢ UIYIIM JOIID

pue aesidin ut pakesse sem 153) yorg (3ng 0 - 0) [VIWJ JO 29uasaad auy ut Aesse awAzus-pajdnos £q painseaur sem uiaiosd sueiquiaw
angg Jo Ananoe 3SeJ LV~ BO * UONEIIIUOUOD 1V SA POOI] PAIBPINO PUB Yl Uy Ananoe asedLy-, 8D Jo 10]d jeooadioai-ajgno(

IVOINd SP18M0} PoO[q uswny pajepino pue ysaap ui aseJLv- _ed Jo asuodsay :1oid |edoadidar-aqno( ¢ 2131

0s¢

00c

(.Aw) [dLv]/ |
0S1 001 0s 0 0s-

I¥OWd ON m\
&

IV nzoo

Ivond Sngoo §°

Wond3nio X

IVOWd 80510 m
1VOWd BnZ'g m

L3 T L

() duwl st Am.A: X _.-:.._:v Al
° 1o ot~ 51 o

o> Al IR

o on®
I¥IWNd ?S.T

LGRS LU R 1 0C

"
vond Ingo 3B
TYWd By

pooiq pajEpIng | v

(L R

o't

or




20

Outdated blood

Vmax =0 024umit/mg mb. prot.*

Ki(PMUAT=0.020ug 7
/

15 |
//)‘

1/ Vapp
~,
ol

I Fresh blood
‘ Vinax=0.024univ'mg mb. pror.*

KIPMCAL) =0.02%g

.
—

-
1

0.05 0.1 0.15 02

-0.05
[PMCAI] (ug)

Figure 20 Secondary plot: Response of Ca”-ATPase in
fresh and outdated human blood towards PMCAI
The plot represents means from 6 experiments. * The differences are

significant with p<0.05.
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The purification table and elution profile of young porcine erythrocytes
were obtained (Refer to Table 7 and Figure 21). It was found that washing of the
column with calcium buffer eluted nearly 90% of the protein applied. The protein
contained ATPase activity as determined by coupled-enzyme assay. Since this
protein did not bind to calmodulin-affinity column, this was likely to-be Mg*-
ATPase or Ca”-A’i‘ Pase with calmodulin-binding domain cleaved off. When
column was eluted with EDTA buffer, a small peak of protein was obtained with
nearly 50% recovery of total Ca*-ATPase activity. The fold of purification was 51-
fold.

Similar elution profile was obtained for the purification of aged porcine
erythrocytes (Figure 22 and Table 8). Nearly 70% of the protein applied was eluted
by calcium buffer. This indicates that larger amount of calmodulin-sensitive protein
was present in aged erythrocytes. In addition, 1t was found that only 18% of total
Ca’*-ATPase were obtained after EDTA elution. ‘The fold of purification was 57-
fold. ’fhe difference of folds of purification between that from young and aged cells
was not significant.

In addition, Ca**-ATPase from fresh and outdated blood was also purified.

From the purification table and elution profile of fresh blood (Refer to Table 9
and Figure 23), it was found washing of the column with calcium buffer eluted
nearly 80% of the protein applied. When the column was eluted by EDTA buffer,

a small peak of protein was obtained with nearly 37% of total Ca’"-ATPase
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Table 7 Purification table of Ca’*-ATPase in young erythrocytes

Fraction Total Protein Total activity Specific

protein yield (unit) activity

(mg) (%) (unit/mg

protein)

Ghost _ 50 100 3.45 0.069
Solubilized ghost 12.5 25 2.44 0.195
Peak eluted with 11.2 224 0.77 0.069

Ca*" buffer
Peak eluted with 0.36 0.72 1.26 3.51
EDTA buffer

Total protein, protein yield, total activity and specific activity of the ghost, solubilized ghost
and the fractions collected from calcium and EDTA eluate of Sepharose 4B Calmodulin
column were determined. Ca**-ATPase activity was determined by coupled-enzyme assay
while D¢ Protein Assay was employed for determining protein content of the enzyme. Table
above represents the purification of a typical run. The experiment was repeated for three

times and the results obtained were within a range of 5% deviations.
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Figure 21 Affinity chromatography of Triton X-100 solubilized ghosts from

young porcine erythrocytes on Sepharose 4B Calmodulin column.

30mg membrane protein from voung ervthrocytes was loaded onto the column (bed
volume:3ml) with flow rate of 10ml/hr. Fractions of 2ml were coliected. Ca™*-ATPase
activity was monitored by coupled-enzyme assay. The transmittance at 280nm was
monitored. The column was first washed with 0.3mM CaCl, and the buffer was then changed
to 2mM EDTA.
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Table 8 Purification table of Ca’*-ATPase in aged erythrocytes

Fraction Total Protein Total activity Specific
protein yield (unit) activity
(mg) (%) {unit/mg
protein)
Ghost 50 100 3.1 0.062
Solubilized 14 28 2.91 0.208
ghost
Peak eluted 10 20 0.51 0.051
with Ca™ buffer
Peak eluted 0.15 03 0.53 3.51
with EDTA buffer

Total protein, protein yield, total activity and specific activity of the ghost, solubilized ghost

and the fractions collected from calcium and EDTA eluate of Sepharose 4B Calmodulin

column were determined. Ca**-ATPase activity was determined by coupled-enzyme assay

while D¢ Protein Assay was empioyed for determining protein content of the enzyme. Table

above represents the purification of a typical run. The expeniment was repeated for three

times and the results obtained were within a range of 3% deviations,

o)
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Figure 22 Affinity chromatography of Triton X-100 solubilized ghosts from aged

porcine erythrocytes on Sepharose 4B Calmodulin column.

50mg membrane protein from aged erythrocytes was loaded onto the column (bed
volume:5ml) with flow rate of 10ml/hr. Fractions of 2ml were collected. Ca**-ATPase
activity was monitored by coupled-enzyme assay. The transmittance at 280nm was
monitored. The column was first washed with 0.5mM CaCl, and the buffer was then changed
to 2mM EDTA.
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Table 9 Purification table of Ca’*-ATPase in fresh blood

Fraction Total Protein Total activity Specific
protein yield (unit) activity
(mg) (%) (unit/mg
protein)
Ghost 50 100 2.3 0.046
Solubilized 11 22 1.43 0.13
ghost
Peak eluted 9 18 0.42 0.047
with Ca** buffer
Peak eluted 0.36 0.72 0.86 24
with EDTA buffer

Total protein, protein yield, total activity and specific activity of the ghost, solubilized ghost
and the fractions collected from calcium and EDTA eluate of Sepharose 4B Calmodulin
column were determined. Ca**-ATPase activity was determined by coupled-enzyme assay
while D¢ Protein Assay was employed for determining protein content of the enzyme. Table
above represents the purification of a typical run. The experiment was repeated for three

times and the results obtained were within a range of 5% deviations.
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Figure 23 Affinity chromatography of Triton X-100 solubilized ghosts from

fresh human blood on Sepharose 4B Calmodulin column.

50mg membrane protein from fresh blood was loaded onto the column (bed volume:5ml)
with flow rate of 10ml/hr. Fractions of 2ml were collected. Ca**-ATPase activity was
monitored by coupled-enzyme assay. The transmittance at 280nm was monitored. The
column was first washed with 0.5mM CaCl; and the buffer was then changed to 2mM
EDTA.

93



10.

activity loaded onto the column. The fold of purification was 52-fold.

Elution profile obtained for the purification of outdated blood was similar
to that for fresh blood (Figure 24 and Table 10). Nearly 50% of the protein
applied was eluted by calcium buffer. Half amount of protein was remained
bound to calmodulin in the column. Furthermore, only 17% of total Ca**-ATPase
were obtained after EDTA elution. The fold of purification was 57-fold.

The results from both porcine and human erythrocytes indicate that there
might be alteration of the enzyme itself during both in vivo aging and blood
storage. Thus, the purified enzymes were subjected to further analysis by SDS-

polyacrylamide gel electrophoresis and western-blot.

SDS-polyacrylamide gel electrophoresis of Ca**-ATPase

10 iz g Ca™ -ATPase was loaded onto 7.5% SDS-PAGE gel with thickness
of 1.5mm and the gel was stained with Coomassie blue. For porcine erythrocytes
(Figure 25), one major band with appafent molecular weight of 130kDa was
observed in the post-calmodulin affinity chromatography purified fractions.
There were also minor bands with apparent mass of 110k, 89k and 40kDa in both
young and aged cells. However, the gel patterns for human blood were slightly
different (Figure 26). A major band with 130kDa with four minor bands, 1.€. 110k,
89k, 45k and 42kDa were observed for fresh samples. On the contrary, 40k and

28kDa bands were obtained instead of 45k and 42kDa bands in outdated samples.
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Table10 Purification table of Ca**-ATPase in outdated blood

Fraction Total Protein Total activity Specific
protein yield (unit) activity
(mg) (%) (unit/mg
protein)
Ghost | 50 100 2.01 0.041
Solubilized 14 28 1.96 0.14

ghost
Peak eluted 7 14 0.24 0.034
with Ca®* buffer
Peak eluted 0.15 03 0.35 2.34
with EDTA buffer

Total protein, protein yield, total activity and specific activity of the ghost, solubilized ghost
and the fractions collected from calcium and EDTA eluate of Sepharose 4B Calmodulin
column were determined. Ca**-ATPase activity was determined by coupled-enzyme assay
while Dc Protein Assay was employed for determining protein content of the enzyme. Table
above represents the purification of a typical run. The experiment was repeated for three
times and the results obtained were within a range of 5% deviations.
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Outcated human erythrocytes

Tas

OD280

101

Ca®-ATPase activity (units / ml)

Figure 24 Affinity chromatography of Triton X-100 solubilized ghosts from

outdated human blood on Sepharose 4B Calmodulin column.

50mg membrane protein from outdated blood was loaded onto the column (bed
_ volume:5ml) with flow rate of 10ml/hr. Fractions of 2ml were collected. Ca®*-ATPase
activity was monitored by coupled-enzyme assay. The transmittance at 280nm was
monitored. The column was first washed with 0.5mM CaCl, and the buffer was then changed
to 2mM EDTA.
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205k
4— 130kDa
112k <4— |10kDa
<4— 30kDa
87k
69k
56k
4—  40kDa
38.5k
33.5k

Figure 25 SDS-PAGE electrophoresis gel (7.5%) of purifted porcine Ca*-
ATPase

30ug protein of pooled post-Sepharose 4B Calmodulin column fractions was

loaded onto each lane of the gel. Lane 1: marker; lane 2: aged erythrocyte; lane 3:
young erythrocyte; lane 3: whole blood.
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205k
. 130kDa
112k 110kDa
89kDa
87k
69k
5
6k 45kDa
1iBa
a
38.5k
33.5k

28kDa

Figure 26 SDS-PAGE electrophoresis gel (7.5%) of purified human Ca*'-
ATPase

30ug protein of pooled post-Sepharose 4B Calmodulin column fractions was
loaded onto each lane of the gel. Lane 1: marker; lane 2: fresh blood; lane 3:
outdated blood.
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There were size differences observed in the SDS-PAGE gel analysis. The results

suggest that there are structural changes during blood storage.

11. Western-blot analysis of Ca’*-ATPase

To further confirm the changes .of molecular size of Ca*"-ATPase during in
vivo and in v.itrb aging process of erythrocyte, western-blot analysis was
performed. The purified Ca**-ATPase separated by SDS-polyacrylamide gel
electrophoresis was transferred to PVDF membrane and incubated with specific
antibody for plasma membrane Ca®-ATPase (1N). The transblotted protein was
detected by ECL method and the result is showed in Figure 27 & 28. For porcine
erythrocytes (Figure 27), one band with apparent mass of 40kDa was observed
for both young and aged cells. However, they were of different intensities, i.e. the
one from young cells was 60% of that from aged cells. There seemed to be
alternation of size of Ca’-ATPase during in vive aging process of erythrocyte
that resulted in different abundance of the transblot protein.

However, the transblot for human sample'was slightly different (Figure 28).
Only the band with apparent molecular weight of 40kDa was observed in
samples from outdated blood. In contrast, 45k and 42kDa bands were observed
instead in fresh blood. The result further suggests that there was changes in size

of the Ca*"-ATPase during blood storage.
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Figure 27 Ca’*-ATPase in porcine erythrocyte ghost

+—— 40kDa

30pg membrane protein of erythrocyte ghost were prepared and tested for the
presence of PMCAL isoform of Ca**-ATPase using specific antibodies 1N, Lane
1: aged erythrocyte; lane 2: young erythrocyte; lane 3: whole blood.
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Figure 28 Ca’*-ATPase in human erythrocyte ghost

45kDa
42kDa
40kDa

30pg membrane protein of erythrocyte ghost were prepared and tested for the
presence of PMCAI isoform of Ca**-ATPase using specific antibodies IN. Lane

1: fresh blood; lane 2: outdated blood.
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'DISCUSSION

Calcium homeostasis is important in mammalian cells. Disturbance of calcium
level in the cell would lead to adverse physiological effects of the body. Prolonged
high calcium ion level in the cell would lead to cleavage of DNA and chromatin by
nucleases. That results in loss of structural integrity of chromatin and affects cell
cycle. Fluctuation i.n cytosolic calcium ion level may affect modulation of calcium
targets. These phenomena may be an early event in pathology and cell death
(Friederichs & Melselman, 1994; Damonte et a/, 1992). Elevation of intracellular
calcium concentration would also lead to adverse effects in erythrocyte, leading red
cell aging and cell death. In this project, erythrocyte was chosen as a model for the
study of aging process.

There had been reports on elevation of calcium concentration in senescent
erythrocyte (Aiken et al, 1992). One of the possible reasons may be due to an
increase in membrane permeability to calcium ion. Thus, increased calcium influx
was resulted. There were also suggestions that erythrocyte aging may be due to a
decrease in Ca®"-ATPase activity during the aging process (Seidler & Swislocki,
. 1991; Vincenzi & Hinds, 1988). However, no established agreement came up. Ca*-
ATPase in natural state is subjected to regulation by endogenous regulators. In order

to find out whether Ca*-ATPase undergone changes in regulation during aging, its

interactions with various regulators may be of great interest. In this study, we

propose to look into the change of regulation of Ca*’-ATPase during aging process
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and n blood storage.

Regulation of Ca?*-ATPase during aging:

In the study of aging process in erythrocyte, comparative study in membrane-
bound Ca*-ATPase from young and aged porcine erythrocytes with respect to their
response towards tﬁe éubstrate, ATP, was conducted. The resuit indicates that affinity
of Ca**-ATPase towards ATP increases significantly with age (Figure 5). The change
in affinity to the substrate may be due to alternation of molecular configuration of the
enzyme molecule during aging. Thus, the ATP binding site of the enzyme molecule
may be more exposed and easily accessible to the substrate. The findings obtained
here suggest that there is an alternation of Ca®*-ATPase of erythrocyte during the
aging process. ATP content in the cell decreased during the aging process of
erythrocyte (Cohen ef al, 1976). For young erythrocyte, the ATP content is 3.74 —
5.22 umole/g hemoglobin. The ATP content in the aged erythrocyte is much lower,
1e. 3.52 — 3.53 umole/g hemoglobin. Since ATP content in the cell during the aging
process of erythrocyte decreased, less ATP would be available for the membrane
Ca*-ATPase in aged cell (Clark, 1988). The increase in affinity of Ca®*-ATPase
towards ATP may be one of the adaptations of erythrocyte during aging. This results
in an increase in availability of substrate for the phosphorylation process of Ca®™-
ATPase.

In contrast, when comparing the maximal activities of Ca’*-ATPase in young

103



and aged erythrocytes, there was no significant difference between them. The
capacity of the enzyme to pump calcium ions without the presence of regulators did
not change much. Ca*-ATPase is a regulatory enzyme in erythrocyte. It seldom
works at maximal capacity in physiological conditions. It is more likely that there
may be alternation of regulation of the enzyme during the aging process. Thus, study
was concentrated on the interaction between the enzyme and its regulators.

In order to find out whether regulation of Ca**-ATPase has been altered during
aging, interactions of the membrane-bound enzyme in young and aged erythrocytes
with various regulators were studied. For the first time, the interaction of Ca®-
ATPase of different age populations with its protein inhibitor, PMCAI was studied. It
was found that Vmax of the enzyme in the presence of PMCAI was largely
decreased during aging (Figure 12 & 13). The finding indicates that the PMCAI may
play a role in the process. This agrees with the hypothesis raised by Samaja and his
co-workers in 1989, He suggested that aging process in erythrocyte involve inhibitor
protein rather than Ca*-ATPase itself or calmodulin. However, he did not carry out
comparative study of the interaction of Ca*-ATPase with PMCAI. Thus, regulation
of the enzyme with PMCAI was investigated in this study to confirm such notion.
Though affinity of the enzyme towards PMCAI remained unchanged during aging,
the change in Vmax with the inhibitor may be one of the possible reasons for the
depression of Ca’*-ATPase activity during in vivo aging process of erythrocyte.

Apart from the decrease in V,_, of Ca™-ATPase in the aged erythrocyte
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towards inhibitor, there may also be change in reguiation of the enzyme by activators
during the aging process. The finding obtained shows that there was a decrease in
affinity of membrane-bound Ca**-ATPase towards oleic acid for aged erythrocyte
(Figures 8 & 9). The phenomena may be a consequence of change of hydrophobility
of the whole enzyme molecule or of the area near the binding site of oleic acid. The
change in affinity of the enzyme towards oleic acid may result in depression of Ca®'-
ATPase activity during the aging process.

Many researchers had studied the response of Ca**-ATPase towards
calmodulin. Luthra and Kim (1980) found that there was a reduced affinity of aged
membrane to calmodulin while Samaja and his co-workers (1989) found that there
was no significant difference during in vive aging of erythrocyte. The results
obtained by different groups were controversial and this might be due to different
preparations and condition of membrane enzyme, e.g. some researchers studied
inside-out vesicles while other employed solubilized enzyme (Samaja ef al, 1989). In
this study, interaction of membrane-bound Ca”-ATPase with calmodulin was
investigated. It was found that response and affinity of membrane-bound Ca®'-
ATPase towards calmodulin remained unchanged during aging (Figure 6 & 7).

The interaction between Ca*-ATPase with protease is also important in the
aging process of erythrocyte. From the result, it was found that activation effect of
controlled trypsin proteolysis on Ca®'-ATPase in aged erythrocyte was higher (Table

3). In this study, trypsin was used to mimic the effect of intracellular Ca’'-dependent
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protease, calpain, on Ca*"-ATPase. It could be more direct to employ calpain for the
study of its activation effect on membrane-bound Ca*-ATPase. Though here in this
study, we found that the use of trypsin was satisfactory, similar trend was obtained
for treating the membranes with calpain as that for controlled trypsin proteolysis
(Table 4). The result showed that both trypsin and calpain exerted similar effect on
Ca®-ATPase duﬁné the aging process of erythrocyte, though the effect of calpain
was more remarkable. Proteolysis results in removal of inhibitory polypeptide around
active site of the Ca®*-ATPase molecule (Carafoli er al, 1992; Falchetto, 1991). The
- finding here indicates that the inhibitory polypeptide may be more susceptible to
protease during aging of erythrocyte and thus the activation effect may be larger.

The result obtained in this study indicates that there was an alternation of
regulation of Ca’*-ATPase in aging. Actually, erythrocyte membrane proteins are
subjected to protedlysis by cytosolic protease throughout its life span. The extent of
proteolysis of membrane Ca®-ATPase in young and aged erythrocytes may be
different. Intact Ca**-ATPase (apparent molecular weight of ~130kDa) in young and
aged porcine erythrocytes were obtained (Figure 25). Fragments with apparent
molecular weight of 110kDa, 89kDa and 40kDa were also obtained. These may be
the proteolytic products of Ca*-ATPase resulted from the action of endogenous
pfotease. From the immunoblotting study of both enzymes (Figure 27), fragment
with 40kDa was recognized by isoform specific antibody for PMCA! (IN). The

40kDa-fragment may be the proteolytic product from intact Ca*-ATPase. The
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abundance of fragment with 40kDa in young cell was 60% of that in the aged. As
erythrocyte ages, its membrane is subjected to proteolysis by endogenous protease
and the intact Ca*-ATPase may be cleaved into 40kDa-fragment in subsequent
proteolysis steps. The extent of proteolysis in aged erythrocyte is thus anticipated to
be higher, in accqrdance to our ﬁﬁdiqg, abundance of 40kDa-fragment in aged
erythrocyte is much more.

The susceptibility of erythrocyte membrane to endogenous protease can help
to explain the altemnation of regulation of Ca*-ATPase during in vivo aging of
erythrocyte, The tertiary structure of Ca’’-ATPase composes of many regulatory
domains (Figure 4) (Carafoli ef al, 1992; Carafoli, 1991). Some of them may be very
close together. There may be hindrance between them. The proteolysis effect of Ca”-
~ ATPase during the aging of erythrocyte may be specific to several regions of the
enzyme molecule. This may help to expose some of the regulatory domains of the
enzyme and the affinity towards specific substrate or regulator be increased. This
could be the reason for the increase of affinity of Ca®’-ATPase towards ATP in the
aged erythrocytes.

In this study, it was found that the proteolysis of membranous Ca*-ATPase
might be limited. The proteclysis is thus moderate and incomplete. It can be
explained by the observation of activation effect of membrane-bound Ca**-ATPase
by the treatment of the enzyme with exogenous calpain and trypsin. As stated before,

the extent of proteolysis of Ca*-ATPase in the aged erythrocyte was much higher,
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then the susceptible site for exogenous protease may be more exposed. This results in

an increase of activation effect of membranous Ca™-ATPase¢ by exogenous protease.

Regulation of Ca**-ATPase during blood storage:

The alternation of interaction of membrane-bound Ca**-ATPase with ATP and
regulators during human blood storage was also studied. It was found that similar
trend of changes were observed as that during in vivo aging of erythrocytes (Figure
14). Increased affinity of Ca’*-ATPase towards ATP was found. In addition, V. of
the enzyme in the presence of PMCAI decreased while its affinity towards oleic acid
decreased during blood storage (Figure 17-20). Alternation of regulation of Ca*'-
ATPase is first described in this study occur during blood storage. This might be one
of the cause for limited shelf life of bank blood.

In this study; it was found that the extent of proteolysis of membranous Ca*-
ATPase in fresh and outdated human blood was different. From the SDS-
polyacrylamide gels electrophoresis (Figure 26), apart from the intact Ca**-ATPase,
fragments with apparent molecular weight of 110kDa, 89kDa, 45kDa and 42kDa
were observed in samples obtained from fresh blood. However, in the outdated
sample, we only found the 110kDa, 89kDa, 40kDa and 28kDa-fragments. This
demonstrates that there are structural changes of Ca**-ATPase during blood storage.
This may be due to proteolysis of the action of endogenous protease of erythrocytes

during the process. In addition, 45kDa and 42kDa fragments were recognized by
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antibody of PMCAI, 1.e. IN, while only the 40kDa fragment was recognized by the
antibody (Figure 28). During blood storage, Ca™-ATPase of the stored blood was
subjected to proteolysis by endogenous protease. This would be aggravated with the
shelf life of bank blood. Thus, different fragments of Ca**-ATPase were recognized
by PMCA1 for both fresh and outdated blood. However, further study should be
carried out to confirm if the 40kDa fragment from outdated blood was the proteolytic

product of 45kDa and 42kDa fragments of fresh blood.

Decrease in total Ca’*-ATPase activity in both in vivo aging of erythrocyte
and blood storage:

Apart from the alternation of regulation of Ca*-ATPase during both in vivo
and in vitro aging process, the decrease of Ca®-ATPase activity during the processes
may be due to a’decrease in the amount of active Ca®-ATPase in the plasma
membranes. When comparing the purification table of Ca**-ATPase in young and
aged erythrocytes {Tables 7-8), it shows that for the same amount of Ca*'-ATPase
loaded onto the column, only 18% of total Ca**-ATPase activity was recovered from
the aged cell. In contrast, nearly 50% of total enzyme activity was obtained for the
young one. Similar result obtained when we repeated the experiment by changing the
two columns. This may be due to many possible reasons. During the purification step
of the enzyme by using calmodulin-affinity chromatography, we were trying to bind

enzyme to the immobilized ligand at the calmodulin-binding domain. The diminished
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total enzyme activity during aging process may be due to decrease of abundance of
calmodulin-sensitive, active Ca”-ATPase in aged erythrocyte. The calmodulin-
binding domain of the enzyme from aged erythrocyte may be altered, leading to
diminished affinity to the “hook” (Au ef al, 1989). This can be confirmed by further
study on the interaction of calmodulin with the enzyme by using fluorescence
spectrophotometer. In ;clddition, similar trend of decrease in total Ca*’-ATPase was
* observed for fresh and outdated blood. It shows that there was also a decrease of

active Ca™-ATPase during human blood storage.

Proposed mechanisms of aging:

Many possible mechanisms of increasing cytosolic calcium content in aging
process of erythrocyte have been raised. As stated before, the primary cause for the
increase in calcium ion content may be due to calcium leakage of the plasma
membrane, i.e. increasing permeability of the erythrocyte cell membrane. Another
possible cause may be a decrease in Ca’’-ATPase activity of erythrocyte. The
findings obtained in this study substantiate the hypothesis that there is an alternation
of Ca*-ATPase itself and its regulation during both processes, namely in vivo aging
and blood storage.

The possible mechanism of aging in erythrocyte is put forward as follows
(Figure 29). During the life span of erythrocyte, the permeability of the membrane to

calcium ions through leakage is not significant. Even if so, the increase of calcium
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Figure 29 Proposed mechanisms of increasing cytosolic calcium content
during aging of erythrocyte
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ion influx can be balanced by the pumping action of Ca’*-ATPase. As erythrocyte
ages, the permeability of the plasma membrane to calcium ion is largely increased.
The pumping action of Ca*-ATPase should be largely increased to cope with the
fluctuation of calcium level. However, during the aging process, the response of
Ca**-ATPase to protein inhibitor, i.e. PMCAI, is much increased while response to
other activators does not change much. This leads to a decrease in capacity of the
enzyme. In addition to the decrease in lipid content of the cell, availability and
affinity of the Ca*-ATPase to fatty acid or phospholipid may be decreased. This
further aggravates the depression of Ca’’-ATPase activity. On the other hand,
membrane proteins of erythrocyte are susceptible to endogenous protease action
throughout its life span. Since the increase in calcium ion content in the cell leads to
an increase in activation of calpain (Schwarz-Benmeir et al, 1994), aged and
outdated erythrocytes proteins are more susceptible to proteolysis. The proteolysis
may alter the conformation of the ATPése enzyme molecule. This leads to an
increase in exposure of ATP-binding site to ATP and susceptible sites on the enzyme
molecule for further proteolysis. Further proteolysis by endogenous proteases may
result in permanent inactivation of membranous Ca*-ATPase. That results in a
decrease in total active Ca**-ATPase of the cell. Actually, the factors mentioned
above may act together and a decrease in Ca’- ATPase activity of aged and outdated

erythrocytes would be resulted.
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Significance and value:

The findings obtained in this study can help us to depict a clearer picture of in
vive aging of erythrocyte. We propose that erythrocyte in the circulation is subjected
to proteolysis by endogenous proteases throughout its life span. This results in
alternation of conformational change of the enzyme molecule. Together with the
alternation of regulation of the enzymes with its regulators, total active Ca®-ATPase
of the cell decreases and this leads to decrease of Ca’*-ATPase activity in aged cell.
Similar alternation also occurs during blood storage. Thus, further study in this area
can help to provide more information of both in vivo aging process and blood
storage.

It is noted that there are alternation of regulation of Ca’*-ATPase with
regulators during erythrocyte aging and blood storage, namely PMCAL, oleic acid,
calmodulin, calpain and trypsin. It is still unknown if there are changes in the
- regulators themselves in level and activity during both processes (Ekholm er al,
1981). Further study can be followed on the isolatién of regulators from different
populations of erythrocytes. The regulators isolated are then subjected to
comparative study of interaction with the enzyme from the same population of
erythrocyte. If there is different response of the regulators from different population
of erythrocytes with the same enzyme, it is possibly that the regulator may be altered
during the process. Then, further study can then be concentrated on the regulators by

investigating its conformational and structural change during the aging process.
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Furthermore, it is proposed that there are changes of the enzyme molecule
during both processes. This may be due to decrease in number of copy of Ca”-
ATPase molecule on the plasma membrane or affinity of ATP-binding site towards
the substrate. This can be further studied by applying radiolabeled PMCA/ or ATP to
the enzyme. The abundance of the enzyme molecule can be observed on radiography
while interaction of the enzyme with substrate can be assayed by using fluorescence
spectrophotometer.

In this study, we are beginning to unveil the alteration of regulation of Ca™-
ATPase in both erythrocyte aging and blood storage. To obtain more information in
this area, more populations of erythrocytes from different stages in the circulation
and bank blood can be employed. Thus, a more complete profile of both processes

can be obtained. This would finally lead us to a better understanding of the red cell

aging.
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CONCLUSION

The present work focused on the study of both in vivo erythrocyte aging and
bank blood storage. In the past, many possible mechanisms of increasing cytosolic
calcium content during both processes have been raised. Our findings substantiate
the hypothesis that there is an alternation of Ca®™-ATPase itself and its regulation
during the processes that would lead to elevation of calcium concentration in the
cells. It was found that affinity and response of the enzyme to its regulators changed.
They may act together and result in decrease in Ca®*-ATPase activity of aged and
outdated erythrocytes. Thus, study of red cell aging can be focused on the regulation
of Ca®*-ATPase and this would finally lead us to a better understanding of the

process.
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