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III

SYNOPS IS

Caz+ ATPase activity was determined in membranes isolated
from human red blood cells. Several types of caZt ATPase
were found to exist, Due to the lack of availability of a
known specific inhibitor of (Ca2+ + MQ2+) - ATPase activity
(which is part of the C32+ transport system), the transport of
ta?* into the 10 prep was investigated. Initially it was found
that the vesicles were unable to retain Caz+ in excess of 2.2 nmoles
per mg protein. A possible cause of this instability may be
the formation of non-specific channels in the membrane vesicles.
Ca2+ uptake in I0 prep of HS membrane was not investigated due
to this instability. However, later studies showed that by use of"
EGTA buffer systems and the Caz+ ionophore A23187 fairly accurate

2+ yptake could be achieved in-the IO prep,

measurement of Ca
although this was still not possible using intact cells.
Studies on phosphorylation of normal and H.S. membréne showed
lowered level of phosphate bound to the latter, although the
results were not significant at P = 0,05 level. The Km for
ATP for the normal membrans was found to be 24.8 uM and that
for H.S. membrane 39.0 uM. No significant difference in Km value
for extracted protein kinase of the membrane was found. Heterogeneity

of phosphorylation kinetics in H.S5. was also found.

Using 50S polyacrylamide gel electrophoresis the H.S. membrame

band (I & II), which represents spectrin, shpwed lowered level
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of phosphorylation than normal. In both membrane samples, a

distindtiue cycle of phosphorylation, dephosphorylation and
rephosphorylation of band (I & II) was observed.

Membranes derived from circulating RBC of different age shouwaed
that the old cells were capable of a higher level of endogenous
phesphorylation than the younger cells. Exogenous protein
kinase had little effect on the young cell membrane but markedly
inhibited the phosphorylation of the old cell membrane.

Iodination studies on isolated spectrin showed that the
protein could undergo conformational changes. The ratios of
moles of spectrin bound to a mole of phosphate and to a mole
of iodine was used to construct a model of superstructure of

spectrin in the red blood cell membrane on phosphorylation.
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ABBREVIATIONS

All abbrsviations of common chemicals are as quoted in
instructions to authors in the British Journal of Haematology.

Other abbreviations used are as follous:-

B3A Bovine serum albumin

CPD Citrate phosphate dextrose anticoagulant
Conc Concentration

DDSA Dodecenylsuccinin anhydride

DMP 244,6-tri(dimethylaminomethyl) phenol
0.D. Optical density

P.K. Protein kinasse

S.A. Specific activity

5.D. Standard deviation

SDS Sodium dodecyl sulphate

Std Standard



VI

MATERIALS

All common laboratory chemicals were from BDH, Pools,

England and were of analytical grade.

All fine chemicals and all enzymes used were obtained from

Sigma Company, England.

The following radioactive compounds were obtained from ths

Radiochemical Centre, Amersham, England.

/"%c7 - 1nulin (Mydroxy Methyl) C.n. = 5 to 15 mCi/mmole
[Pca 7 - caCl, 5 A approx. 10 to 40 m£i/mg Ca

/T317 - KI s.a. = 100 mci/ml

ZTQZNq;7 - NaCl S.A. approx. 100 mCi/hg Na

ZTGZEJ7 - Carrier frec inorganic phosphate in dilute HC1

S.0. = Approximately 33 Ci/hg

Zf - 32Q;7 - TP S.0A. approx. 2 to 3 Ci/hmola

Oinxnn~ conl t~il: 2Ngw hwuh--»1=PBN, 40Ccm naph~lene added to 1L
ethannl ~nd m~de untn S uith diox-ne. This iinn filtored and kept

in dorl pleas bBatbioe 2t 4 >,
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SECTION 1

BIOLOGICAL MEMBRANES: GENERAL PROPERTIES

1.1 BIOLOGICAL MEMBRANE COMPONENTS

Membranes are composed mainly of lipide and proteine.
It is the interaction of these major componente with each othar
which gives the membrane ite functional characteristice. Thg
conformation of the proteins in the lipid bilayer aleo determine

the shape of the membrane.

Tele1 Tha liEids

Several kinds of membrane lipids are found. The
phoepholipide are predeminantly preesnt with emall proportions
of eterols (e.g. cholesterol) in mammalian cell membranes. The
ratios of different types of phospholipids ae well as cholesterol
differ from one cell type to the other. They also determine
the functional properties of the cell membrane. The phoepholipide
are rodlike molecules, with bimodal or amphipathic characteristics,
i.e. they contain hydrophilic groups and hydrophobic fatty acid
eide chains. In an aqueous environment they behave in such a
manner as to reach a stable configuration, Thermodynamically
this codld be achieved by placing the charged hydrophilic groups
facing the aqueous environment so that interaction of theee
moleculee with water leads to minimum free energy.

If the hydrophobic tail groups of the lipide were in contact
with the aqueous environment the water moleculee will try to
arrange themselves in a way to minimize the interaction with

these groups. This will lead to decrsased sntropy.
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Further etudiee suggeeted that the only poseible organization

of the lipid molscules in an aqueous enviranmsent whieh

satisfiee thsse snerqetic rsquirements is the bilayer ‘
organization (Gorter and Grendle, 1925) - that is the lipid

polar heads face the agqueous snvironment on both sides of the bilayer
while ths hydrophobic non-polar taile will be oriented to the
interior of the bilayer to minimize their intsraction with water.
Cholesterol wae found tao modify the fluidity of the phoepholipid
side chain and reetrict their mobility (Chapman and Penkett,
1966). The effect of choleeterol on the fluidity of thse lipid
bilaysr is important in determining the lipid-protein intsrection
and csrtain enzymic and transport activitiee aseociated with

the msmbranes.

Proteins

Initially, knowledge about the structure and arrangement
of proteine in the lipid bilayer were not available dus mainly
to the difficulty in techniquss concerning the isolation of theee
proteine. Recently some msmbrane proteins have been successfully
ieolated without any ssvere or irrevsrsible denaturation during
the isolation procedures and eome direct information about ths
conformation of the protein molecule has besn established.
The association of the proteine with the lipids in the membranee
ie achieved by ths hydrophobic and hydrophilic interactions.
fhe hydrophilic qgroupe of the proteins should bs exposed to an

ionic or aqueous snvironment (e.g. ths ionic groups of the

proteins and glycolipids). The hydrophobic groups (s.g. the

non polar amino acids) are internalized or directed away from the
aqueous exterior towards the interior of the lipid bilayer where

aseociation with the lipids is through hydrophaobic interactions.
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The proteins in the membranes fall into two categories (Singer

& Nicolson, 1972). The first rspreeents those proteins which are

bimodal, i.e. are associated with ths lipid bilayer through
hydrophobic and hydrophylic interaction; these proteins are called
intrineic or intsgral proteins which penetrate the bilayer and may
epan it. This typa of protein is tightly bound to the membrane g
by hydrophobic intsractions. i
The other category is the peripheral protein; these proteine |
are located on either surfacee of the lipid bilayer. They are not
bimodal and they do not diffuse into the lipid bilayer. These ;
proteins could be released from the membrane by high salt concen- !
tration or metal chelating agents; they are water soluble and usually
free from lipids when isolated. Further details concerning the
apsociation of the integral, and peripheral proteins are discussed
in the preceding section.

MEMBRANE MDDELS

The specific interaction of membrane compenents and their
structural arrangements are essential factors in understanding the
functional properties of the membranes. |

The different proportions of lipids and proteins iﬁ msmbranes
from cells of different types raises the question of whether a
general model would explain the distinctive features of all cell
membranes. The answer lies in the fact that there is some eimilarity
in the relative orientation of lipide and proteine in the membranes,
although a singls model-cannot explain the properties of all membranes.
The following membrane models examine the common features of the
cell: membrane.

Gorter and Grendsl (1925) based their model on the fact that the

lipids are an important feature of membrane structure. They
extracted the lipide of the red cell membrane by acetons and

reported that it formed a monolayer in air«water interface.
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The calculated surface area occupied by this film was found

to be twice that of the original membrane. Therefore thaey con-
cluded that the lipids in cell membrane are arranged as a

bilayer with the hydrophobic chaine oriented towards the interior.
Their conclusions were further ecrutinised by Bar et al (1966)
who found that there wsre eome technical errore in the approach
to the measuremente of the eurface area of the film. When
acetons wae ueed to extract the lipide, nearly 70 - 80% of the
lipide were eolubilised from the membrans. Thie was compsneated
by their underestimation of the surface arsa.

Daveon and Danielli (1935) proposed another model for the cell

membrane. The arrangement of protein in the lipid laysr wae
discuesed for the first time. It wae propoeed that proteins in
their globular conformation are attached to the polar head groups
of the lipide on each eids of the bilayer, a conclusion which
has eince been shown to be a considerable oversimplification.

Meanwhile, advancee in the electonmicroecopy concerning
suitable conditions of staining and fixation techniques revealaed
further information on the ultrastructural featuree of the
membranee. Thie led Robertson in 1959 to propoee a model known
ae the unit membrane hypothesis and was a modification of the
Daveon & Danielli model.

Devson-banialli-Roberteon model

This model was further eupported by the x-ray diffraction
etudies. Although most of Robertson'e observations were on the
plasma membranes of the myelin eheathe of the Schwann cell
(which contain very high proportione of membrane lipids compared
to other cells), the unit membrane hypothesis was considered as

a general basis for the membrana structure. Robertson observed



that the mambrans ia & three-iayerad structura coneisting of
2 elactronedsnse layers of 20°A width each and a third 35 °A
thick light zone between the two layers - making a unit of
758 in thicknesee (eae Fig. 1.1). Thase measurements were
theoretically sufficient to accommodate the lipid bilaysr.
However, according to this model the lipid bilayer is in continueus -
arrangement in the plane of the membrans. Extansive etudies
on the membrane structure has shown a diecontinuous arrangemant
of the lipids in mambranas with higher proportione of proteins
than the myeline, (Bar et al, 1966, Bangham & Horne, 1964) .« The amount
of lipids in membranes of these cells (euch as the red call)
was found to be insufficient to cover the whole cell in the
bilayer configuration, assuming that the lipids are in compact
etructure. Further studies by Bangham & Horne (1964) and
Lucy & Glauret (1964) have developed the possibility of globular
arrangements of phoepholipids in the membrane. Baeed on x-ray
‘diffraction studies, the unit membrane concept would indicate
that thars is not much room for the proteins to be present in
the globular configuration as in Davson-Danielli model. This
suggested that the proteins are extended in beta pleatad shest
configurations, with ionic and polar sida chains interacting
with polar heads of the lipids from one eide, and ths aqueous
environment from the other side. However, this will not allow
ths interaction of the polar haade of the lipids with the aqusous
environment.

Furthermore, the protein lipid interactione will taks placs
in a non-polar environment, excluding completely hydrophobic
interaction of proteins with lipide. It would also expose the
non-polar residues of proteins to the aqusous environmant resulting
in a very high free energy of the system and would be thermo-

dynamically unfavourable. Studies by Maddy and Malcolm (1965;1966)
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Lenard & Singer (1966) on isolated protein from RBC ghosts
have shown that the protein appeared to be globular or in a
helical configuration.

Singer " . & Lenard (1966) Model

This model is based on the lipid as a bilayer as in the
model of Daveon-Danielli, but the arrangement of proteins in
this model is different. Ae a reeult of the optical rotary
dispersion and circular dichroism measurement of the red cell
membranes, Singer & Lenard have shown that the proteins ars in
globular structurs, part of which exhibit alpha helix configuration.
It was found that this type of protein is related to the structural
proteine deecribed by Green and co-workers (Richardeon et al, 1963)
as a predominant protein in most typee of cell membranee and
exhibiting the same conformation. Therefore this modsl proposed
that the structural protein have a unique etructure in that the
ionic and polar side chains are exposed to the external surface
of the membrane which may interact with polar heads of the lipids
or the aqueous environment through Van der Waals interactions,
while the non polar side chains are located in the interior of tha
membrane where they interact hydrophobically with the non
polar hydrocarbon chain (tails) of ths lipide. This model was
further extended by Singer and Nicolson in 1972.

The Benson Modsel

This model wae described by Benmon & $inger (1965) and later
by Banson (1966). According to this model (see Fig. 1.2) the
_ lipids are not arranged in a bilayer type structurse but arse
involved with the non polar side chains of the globular proteine
in hydrophobic interactions, while the polar heada Are exposead
to Ehe aqueous snvironment at the exterior eurface. This model
is found to be thermodynamically satisfactory compared to the

Davson-Danislli-Robertson model because it allowe the hydrophobic
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interactions between the lipide and the proteins which the
previoue model did not. In this model the membrane appearsd to
be compeeed of complexes of lipoprotein repreeented ae subunitse
held together by hydropheobic interactions in the plane of the
membrane. However, the interaction of lipid.with protein does
not leave any opportunity for protein interchain hydrogen bonding
in the membrane interior, which leads to the atability of the
protein melecule by providing the loueet free energy possible.

The Fluid Mosaic Model

"IN 1Y7Z dinger and Nicolson proposed the iTiuic mosssic - -
concept of the membrane emphaeieing the role of peripheral proteins
and their interaction with the lipide. In thie model the lipids
are arranged in a bilayer etructure with the polar head groupe
expoeed to the exterior aqueoue environment and the non pblar
hydrophobic chains (tails) orientated towards the interior (eee
Fig. 1.3).

The integral proteine exhibit hydrophobic and hydrephilic
characteristice. Studies on theee proteins suggested that a
considerable part of these globular proteins are pressnt in alpha
helix configurations (Lenard & Singer, 1966 and Wallach & Zelhar,
1966). The polar or ionic residues of such proteine are exposed
to the exterior of the membrane in contact with aqueous environment,
while ths non polar parts are hidden in the interior of the
membrane and interact with the non polar hydrocarbon chains of
the lipids through hydrophobic interaction. The hydrophobic and
the hydrophilic interaction of the bimodal molecule of the
integral protein with the molecular environment provide a minimum
free energy state and therefore it is thermodynamically faveurabls.
Theee globular molecules or aggregatse of one protein subunit of

ﬁha integral protein may be present in a sizn that they may
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traverse the entire thickness of the lipid bilayer. In this
case the polar and ionic residues will be expaosed to the aqueous
'anvirunmant from both sides of the membrane. However, eome of the
integral protein moleculess do not have an adequate eize to epan
the entire membrane. The ienic residuee will therefore be
expased to aoaly one side of the membrane. Same protein-protein
interaction caould also occur either with groups of peripheral
protein with exterior groups of the integral protein, or two or
more molecules of the same integral protein may be associated
to form a subunit. The existence of integral proteins was
supported by freeze fracture slectran micrascopy, a technique
described by $teers (1957). In this technigue a fresh eample
is frozen under vacuum and a microknife is passed through the
hydrophobic region of the membrane producing a fractured face;
this is then metal shadowed, rsplicated and examined under the
electron microscops. The water could be removed (sublimed or
etched) from the fractured surface before shadowing.

Thie technique was widsly used to reveal several typee of
membrane particles (Pinto de Silva and Branton, 1970). Tillack
& Marchesi (1970) observed some tiny particles on the fractured
membrane face which appeared to be the same eize as wae euggested
for the integral prateins. 0On the other hand, euch obeervation
on the myline plasma membrane did nat reveal theee particles
and the fractured surface wae almoet smoath. This may be
explained by the fact that nearly 80% of the myline plasma membrane

is compoeed of lipid and very little protein ie preeent.
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MOLECULAR ORGANIZATION OF THE MEMBRANE

Lipids

As mentioned, the bilayer arrangement of the lipide in the
membrane was early described (Gortor & Grendel, 1925) and
formed the basis for construction of other models that followed
(Benson, 1966; Green & Pardue, 1966). However, these models
did not take into consideration the lipid-1lipid as an important
stabilizing force holding the membrane components together.
This is dus to the fact that in construction of these models
evidences concerning the lipids bilayer as a major organizational
configuration in all membrane ie well established. These evidencee
were based on the thermodynamic studies on microorganisme (Stsin
et al, 1969) and wers confirmed by x-ray differaction measuremsnts
of the membranes compared with that of the synthssised lipid
bilayers (Levine & Wilkins, 1971; Wilkins et al, 1971). Spin
label probes of the membrane lipids were used to investigate the
orientation and motion of the lipids molecules compared with the
orientation of the eame label in the eynthetic bilayer (Hubbel
& McConnell, 1969). Such studies on the synthetic bilayers
revealed many facts about the fluidity of the bilayer configuration
of the 1lipids in the membrane. The spin label studies (Hubbejt
McConnell, 1971; Jost et al, 1971), confirmed by NMR studies
(Les et al, 1972; Godici & Landsberger, 1974), showed difference
in the fluidity of the lipids in different regions of the bilayer.
The fluidity decreases towards the glycerol moiety. The aitroxide
groups of the label was found to be in a highly rigid environment
when it was attached to a carbon atom 6n fhe fatty acid chain closs
to the glycerol group and in much more fluid environment when

attached to a carbon atom in the fatty acid chain further away
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from the glycerol group. This means that the lipid bilsyer is
characterised by rigid reqions in the extsrior with an increase
in the fluidity towards the middle of the bilayer. The fluidity
of the bilayer depends on the degree of the saturation of the
fatty acide forming the tail of ths phospholipid molecule in the
interfor of the bilayers (Rottem et al, 1970); Levine et al,

1972; Godici & Landesberger, 1974). The presence of cholesterol
and of different temperatures (whether it is above or below

the gel to liquid—crystélline transition of the 1ipid) has also
great effsct on the fluidity of the bilayer (Chapman, 1973).

The cholesterol afffcts the fluidity of the bilayer by
abolishing. the gel-liquid crystallins thermal transition (Chapman,
1973). Abovs the transition temperature, the cholesterol increases
ths rigidity of the bilaysr especially in the middle of the fatty
acid chain (Godici & Landsberger, 1975; McConnell & McFarland,
1972), while below the transition temperature the cholsaterol
increases the fluidity of the bilayer (0ldfield & Chapman, 1972).
Ths mschanism of this effect is not fully understood. It is
suggested that cholesterol forms complsx
with the phospholipid molecule in a phospholipid: cholesterol
ratio of 1 : 1 (Chapman, 1973) or 2 : 1 (Darks et al, 1972;

Godici & Landssbergsr, 1975). Howsvsr, a second motion above the
glycerol moiety was found in the choline residue of the phoephotidyl
choline and this motion incrsass in carbon atoms further away

from ths glycsrol moisty as dsmonstrated by 13C - NMR analysis
(Shestz & Chan, 1972; Lsvin st al, 1972). The motion of the
phospholipid molscule above and bslow ths glycerol meiety suggested
that the glycerol acts as a rigid structure providing stability

for the molscule., It is not known whether the rigidity of ths
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glycerol arisss from interaction of the glycerol groups or

the effect of the hydrophobic interaction above and below the
glycerol. Another type of movemant of the phospholipid molecule
was described by Kornberg & McConnell (1971a)as a lateral movement
parallel to the plane of the membrane. This was indicated by the
broadening of the spin labsel probe to the bilayer. Thie movement
was so rapid that it occurred within a fraction of a minute
(Scandella et al, 1972). It has been demonstrated that there ie
a wide range of temperature over which two lipid phaess, a
solid-like and liquid-like, coexist (Shimshick & McConnell, 1973).
The physiological temperature for growth of microorganism fall
within this region (Linden st al, 1973) suggesting that this
coexistence occurs in the biological membrane as well. Thie will
increase the chances of lateral diffusion of the lipid molecule
which allow insertion of newly synthesised material. However,
the lateral and intermolscular motion of the phospholipid in the
membrane are correlatsd and form the molecular bBasie for fluidity

of certain membranes (Devaux & McConnsell, 1972).

Protein

The protein comprises about half to two thirds of the total
weight of biplogical membrane. Most of these membranes are
insoluble in aqusous environment making their extraction from
the membrane rather impossible. These difficultiee hamper moet
investigators. However, the development of suitable techniques
such as gel electrophoresis employing anionic reagent SDS to
disperse these proteins from thsir membranee provided a major
advance in the knowledge of these proteins. _These proteine were
classified according to their association with the membrane
(Singer, 1971) into two categoriss. These two typee are discuseed

below.
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Inteqral Preoteins

Most of the membrane proteins are integral in that they
are associated with the lipids in the membrane. Some membrane
enzymes raquira'lipids to express. their full activity (Coleman,
1973). Csrtain antigens, e.g. the Rh antigens of the rsd cell
alse require lipids (Graan, 1968). The intsraction of the
integral protein with the lipids in the membrane may provide
the structfural matrix of the membrane. The integral protsins
ware proposed to exhibit a globular cenfiguration with amphipathic
charactsristics - that is ane end of the protsin is hydrephabic
bearing the ienic and the highly polar residues of the protein,
whereas the other end is hydrophobic, smbedded in ths lipid
interior (Wallach & Zather, 1966). The integral protein may
possibly span the width of the bilayer with two hydrophilic
ends emerging on both sides of the membrane and a hydrophylic
region embedded in the lipid intsrior (Lenard & Singer, 1966).
The possibility that the protein could be completely embedded
in the lipid bilayer is not faveured since such proteins should
contain vary few ionic residues and the free ensrgy required
to embed them may bs ssveral hundreds kilocaleries (Singer, 1971).

Peripheral Proteins

These proteins are considered to bs leosely attached to the
membrane; in fact they are easily extracted from the membrans
merely by lowering the ionic strength. Examples of these

the oufer side of.
proteins are cytochrome C located ianha inner surface of the
mitochondrial membrane (Ernster & Kuylanstiarna,‘1970) and the
red cell membrane protein, spectrin, which is localieed also in
the inner surface of the membrane (Marchesi & Steers, 1968). Thse

peripheral proteins are not generally aesociated with lipids

when extracted. They are soluble in aqueous solutione and are
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coneidered to be in glaobular configuration when attached in the
membrane in order to maximize their interactions (Gulik =Kczywicki
et al, 1969).

Carbohydrates

The carbohydrates are present in the membranee in
association with lipide oxr protein forming the glycolipids ar
glycoproteins raepectively. The glycopratein have shown to
be exclueively localised at the outer surface of the membrane
(Marcheei et al, 1972; Nicolson & Singer, 1971), auggesting a
highly asymmetric dietribution of proteins and lipids in the cell
membrane.

The lipid-protein interactiaon

In the bilayer caonfiguration of amphipathic lipid moleculss,
the hydrophilic interaction of the polar groupe are miximized by
saquestering the hydrophobic groupe awaey from theaqueoue environment.
Thie provides decreased free energy and increased entropy of the
eyatem (Tanford, 1972; Singer, 1971). The hydrophobic and
hydrophilic interactione are the etabilizing forces for the
protein in the membranes.

The peripheral proteins which are attached to the surface
only, require hydrophilic interaction for their etability. There-
fore, they sheuld assume a configuration in which moet of their
ionic reeidues are on the outeide while the non polar reeidues are
esquestered away from the aqueous environment.

In the integral protein, the expaosure of the reeiduse in
certain parts of the molecule depende upon the region of the membrane
that particular part is in; i.e. the polar or ionic residuse will
be located in the parte of the molecule located on either side of
the membrane, whilet the noniaonic or non polar groups are located

in the part of ths molscule which ie carried in the lipid intsrior.
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The phyeical and thermal etatus of the lipid bilayer
were ehown to be important in determining the functional
activities of certain membrane esnzymee aa it wae found that the
traneition temperature of the enzyme is altered with the change
in the lipid composition, (Machtigsr & Fox, 1973).

The proteins can also alter the properties of the lipide
as it was shown that the vesicles prepared from lipide extracted
from the membranes are more fluid and have lower traneition
temperature (Stein, 1972; Seelig & Hasselbach, 1971).

The Red Cell Membranps

The membranee obtained from a red cell mae a maes of
11 - 12 x 10’139m (Dodge et al, 1963) and a deneity of 1.15 gm/hl
(Zalher & Weibser, 1970). The surface area of 140um? (Weinetein,
1974) and calculated thickness of 75°A agres with the value
obtained from electron microecopy data (Roberteon, 1972). The
membranee are prepared by osmotic haemolysia of the cell in a
mildly alkaline pH buffer. The most widely ueed procedure is
that of hypotonic haemolysis due to ite rapidity in releaeing
the haemoglobin (Seeman, 1967). The membrane obtained by this
procedurs recoversd the original activities of moet enzymes
(Dodge et al, 1963). Haemolysie in isotonic buffer can be aohieved
although the validity of the preparation depends on the haemolysing
buffer used (Hanahan et al, 1973).

Analysis of the ghost proteins

One of the moet suitabls techniques for analyeing membrane
proteins ie gel electrophoreeis in the preeence of SDS developed
by Shapiro et al,(1967). This detergent, when ueed with reducing
agent, attacke most of the hydrophobic bonds in the protein leading
to unfolding of the polypeptide chain (Reynolde & Tanford, 1970)
with gross negative surface charge due to detergent binding. The

claesification and nomenclature of the proteine in the red cell
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membrane have been described by Fairbanks et al (1971),
According to this classification eight major polypeptides are
gstained by coomasie blue and the PAS reagents, although some
minor polypeptides which contribute to important membrane
function (such as the NE+K'ATPase) are also present.

The PAS staining glycoprotein cam be distinguished as
four bands: PAS I, II, III & IV. These are the sialoglycoprotein
carrying approximately 90 - 95% sialic acid content of the
membrane. More glycopeptides have besn detected by enzymic
labelling techniques, which could not be revealed by the above
procedure (Steck & Dawson, 1974).

However, the proteine of the erythrocyte membrane canims
classified as intrinsic or integral and extrinsic or peripheral
proteins according to the classification of Singer & Nicolson
(1972). Anothsr way of classifying thees proteins is according
to their./spatial arrangsments and location in the lipid bilayer,
Thie was carried out by using radicactive labelling techniques
of the intact red cell with probss or enzyms moleculee of a
size large enough not to penatrate the cell membrane (Berg,
1969; Bretscher, 1971). According to this procedure only the
two glycoproteins were found to bs attached to the outer surface
of the membrane. However, only twa major polypeptides will be
discussed in detail (since these are fairly well established)

with brief discussion of the rest.

Band III

Thie band has bsesn isolated and characterized by several
workere (Tanner & Boxer, 1972; Findlay, 1974; Jenkine & Tanner,
1975; Furthmayr et al, 1976). It contains carbohydrats (5 - B%
of its dry weight) in the form of mannose, galactose and
N-acetylglucoeamine. The apparent molecular weight of this band

ie 90,000 dalton on SDS gel elactrophoreeis, Enzymic laballing
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techniques hava shown that part of this band is labelled in the
intact cells indicating its exposure to ths outer surface of
ths membrans (Bretscher, 1971a@). Other parte of this bard were
shown to be labslled in sealed inside-out vseiclss (Mueller &
Morrieon, 1974; Shins & Caraway, 1974) indicating that %his
part is exposaed to ths ;ntarior surfacs. Thersforse, this moleculs
sgems to span the sntire width of the membrans protruding from
both sides. Treatment ofi this protein by pronase showed that
it can form two fragments - only the smaller fragmente contain
all the carbohydratee (Cabantchik & Rothestsin, 1974). However,
this band was shown to bind concavaline A and its conjugates,
protiding convenient tool for localisation of ths binding eites
of this protein on the extsrnal surface (Pinto da Silva and
Nicolson, 1974).

Evidence has accumulataed concerning the participation of thie
band in membranae tfansport activities, such ae sugar and anian
transport (Lin & Spudick, 1974).

Sialoglycopratsins

As mentioned above, ths PAS stained protein is esparatsd
into four polypeptides. Thsse are present in oligomeric form
in the cell membrane and are thought to have molscular Qaight
of 83,000, 45,000 and 25,000 dalton for bands 1,2 and 3
respectively (Fairbanks st al, 1971). Separation and purification
of the eisloglycopeptidss using diffsrent solubilizing agents
have been developed (Kalhan et al, 1961; Hamaguchi and Clevs,
1972). Glycophorin A, ths basic subunit of ths PAS-I diner
conetitutes nearly 75% of the total sialoglycopeptide of the
red cell membrans, and the oligoeaccharide comprises nearly 60%
of its weight (Furthmayr et al, 1975). All the oligoeaccheride
rseidues are bound to the N-terminal part of the polypeptide

and all aof these (except one) are bound to serine or threonin
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residues through 0-glycosidic bond (Thomas & Winzlsr, 1969;
Springer & Desai, 1974). The MN-antigenic activity was found to
be located at theloligosaccharide (Springer & Desai, 1974).

The C-terminal end of the polypeptide contains most of the

acidic amino acids, meking this end very polar and suitable for
hydrophilic interaction and cation binding (Taomita & Marchesi,
1976). The middle part of the polypeptide bestween the N-terminal
and the C-terminal ends have been shown sarlier to be hydrophebic
containing the non-polar amino acids and therefore are insoluble
in the aqueous scglutions (Winzler, 1969),

The arrangement of the glycopherin A ae en integrel protein
spanning the lipid bilayer with the N-terminel end et the exterior,
end the C-terminal end at the interior, has been shown by the
enzymic labelling technique (Bretscher, 1971b).

Further studies suggested ths essociation of the glycephorin
AR with band 3 to form globular structures in the interier ef the
lipid bilayer. These etructures appeer as perticles when cbserved
by freeze-stch electron microscopy on the etched surface, (Pinto
da Silva & Branton 1973). Also the ferritin - conjugated lectins
were found to bind to sites on the external surface corrsspending
to positions of the intra-membraneous particles. This data
suggested thet the glycophorin A binds the lectin conjugated
ot other external surface while extending to the internel surface
in essociation with other integral protein te form the intre-
membraneous particles (Pinto da Silve and Nicolson; 1974;

Tillack et al, 1972). Ths C-terminal end of the glycophorin A
was shown to be in close aesociation with spsctrin et the internal
surface of the membrane (Nicolson & Peinter, 1973). Thie will

be discuesed further in the following eection.



Other minor glycopeptides, PAS 3, has aleo been ieolatad
and'chéradterized. They have carbohydrates composition similar
to glycophorin A,‘although the C-terminal end wae observed at the
outer surface, (Furthmayr st al, 1975). This suggests that the
olycoprotein is extending to ths outer surface and penetrated
partially into the 1ipid bilayer but not spanning it. Soms
blood groups activities other than the MN activity, e.g. the
AB groups, were found on this glycopeptide (Anstee and Tanner,
1974) although evidsnce is presented that this is an artifract-
due to contamination (Breensed & Goldstein, 1974).

The othsr glycopeptide PAS IV has not been identified as
yet and it appears-in the region between the PAR 1 and II in
SDS polyacrylamide gel electrophoresis (Fairbanke'gsngl, 1971).
Other minor unidentified glycopeptides which could net be
detected on PAS staining for their low contant of carbohydrates
hae been described (Weiss st al, 1971).

Band VII is among the glycoproteins which could not have
been characterized fully due to its poor reselution by gel
electrophoresie. Enzymic labelling techniques have shown that
thie band ie integrated fully in the lipid interior although
evidence is not yet available.

The enzyme acetylcholine eeterase ie thought to be locatead
in the outer eurface while the(N& +K%)-ATPase is on the inner
eurface as suggeeted by the protedlytic digeetion etudies of the
intact red cells (Martin, 1970). Other studies howsever, have
euggeeted that part of the ATPase eshould be exposed to the
external surface in order to react with its inhibitor cuabain

(Haley & Hoffman, 1974).
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The peripheral or extvinsic proteine of the erythrocyte
membrane are located on the inside surface ae auggested by the
proteolytic digestion studies (Bender 8t al, 1971) and enzymatic
labelling techniques using impermeable probes (Phillipa and
Morrison, 1970) to the intact red cell. It was concluded from
these studies that the lipid bilayer protectes these proteins
from the action of such enzymes, although it hae been argued
recently that these préteins could not be labelled dus to their
nsgative reactivities with the labels used and not becauae of
the protective effact of the lipid bilayer (Wallach et al, 1974)
This was supported by the finding that some of theee impermeable
reagente can penetrate the membrane due to their ability to alter
the conformational stats of the membrans during their reaction
(Cuberntchik st al, 1975). The extrinsic proteins fomm 40% of
the membrane protein and comprises bande I, II, IV and VI,
(Fairbanks et al, 1971). They have been studied extensively
dues to ths sase of release by low ionic strength and elesvated
pH. ( Furthmayr & Timple, 1970).

2.5.1.3 Spectrin

This protein comprieee two large molecular weight polypeptidee
(over 200,000 daltons) designatad as bands I & II in SDS gel
electrophoresis, (Fairbanks et al, 1971). It is an extrinsic
protein, located on the inner surfaces of the membrane, as hae
bean shown by ferritin - conjugated antibodiee binding etudies
(Nicolson & Marchesi, 1971). The observation that an actin-like
filament produced after tryptic digestion of the red cell
membrane (Marchesi & Palad') 1967) has led these authors to
belisve that it is a contractile protein. A procedure fér its

extractions by chelating agente in the presence of ATP and
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reducing agents similar to thoes ueed for extraction of muscle
proteins have been developed (marcheei & Stesrs, 1968).

However, the fibrillar appearagce of this protein was
thought to be dus to actin or actin-like protein which comprises
band V on SDS gel electrophoreeis (Marchesi & Palads, 1967).
The great susceptibility of spectrin to proleolytic digestion
by contaminating leucocytes or by the presence of sndogenous
pronase in the red cell (Berank & Boemann, 1972), hampsred most
investigators from further etudies. Another argument has
besn suggested - the poesibility that spectrin exists as an
aggregate of emaller polypeptides which could aggregate to higher
molecular weight polypeptides even in the presence of SDS (Dann
& Maddy -, 1973). This was further confirmed by the finding that
dilute hydrochloric acid can dissociats the spectrin polypeptides
into smallsr subunite (Schiechl, 1973) although these conditions
are considersd to be optimal for proleolytic digestion for suecept-
ible protein like spectrin (Halla, 1974). Analysis of thie
protein has revealed the exietence of multiple N-terminal amino
acids (Dunn st al, 1975; Fuller st al, 1974; Knuferman et al, 1973).
This suggested that sither the spectrin ie composed of multiple
polypeptide chaine with similar molscular size or it is an aggregate
of smaller polypeptides, However, it is argued that the pressnce
of multiple N-terminal amino acide ie an artifact due to the
presence of other polypeptides which migrats in the same region.

The tendesncy of the spsectrin polypeptide to aggregats in
aqueous solutione, particularly in the preesnce of cation, is
one of the major difficulties facing the workers in this field
to assess ite etructurs. Immunoelectrophorstic studiss revealed
five separate bands (Bhakdi st al, 1974). These bands can be

crose-linked immunologically with sach other suggesting the



idea that they belong to the eams polypeptide chaine but are
present in different stages of aggregation (Green et al, 1974;
Bhakdi et al, 1975).

The aesociation betwsen spectrin and the integral proteins
has been demonstrated (Ji, 1973). UWhen the anti-spectrin
antibody was bound to sﬁactrin inside the membrane agglutination
of the siglo-glycoprotein sites on the outer surface occurred
(Nicolson & Painter, 1973) as observed electronmicroecopically.
This suggests that a dynamic relationship concerning the
movement of the glycoprotein sites at the outer surface and
epectrin may exiet. Also the agglutination of the galactoeylc
reeidues on the outer surface by Ricinus communie agglutin
led to rearrangement of the epectrin moleculee (Ji & Nicolson,
1978). These observatione suggeet that spectrin playe an
eeeential role in controlling the mevement of membrane eites.
Another obeervation reported the adglutination of ths intra-
membraneoue particle at pH 5.5, which ie the ieocelectric point
of spectrin, and that the movement of the integral pootein ie
at its highest level when spectrin is extracted from the msmbrane
(Elgeaeter & Branton, 1974). These observations euggeet that
spectrin prevente the movement of theee proteins probably by
their involvement in cytoplaemic connectione on thé speotrin
network.

Lipids
Theee are discueeed iﬁ eection 2.1. For further dstail

eee Van Deenen.and' e Gier, ( 1974 ).
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SECTION 3

TRRNSPORT ACROSS BIOLOGICAL MEMBRANES

Trangport Mechanisms

All living cells ara bound by a membrane which separates
the inside of the csll from its exterior allowing ths davelopment
of a spacial internal snvironment, tha charactsristics of which
depend upon the functional naeds of ths cell. This membrana should
allow sssantial mstabolites and products to enter and leave
the cell at controllad ratas. The membrans serves as a regulator
of the intracallular lavels of certain ions and metabolites by
its selective permesbility to such eubstances in appropriate
directione. The processes through which metabolites, ions and
waste producte travarse the cell membrans ie ae follows:

Simple diffueion

The process of diffusion in tha living cell is of great
importance in maintaining its normal physiclogical state. It
is a simple way by which ths cell gains the substances necessary
for its snergy requirement for its metabolic activity and'extrudes
the waste producte of these activitdes. In 1850, Graham
investigated the diffueion phenomencn in frae eolutions and
ehowed that the rats of diffusion depends on the typa and size
of diffueion particles, Considering the general mechanism of
simple diffusion in a solution, this procses is defined as the
migration of solute molecules through a unit arsa from ons
eolution to the other dus to random motion of the moleculee.
The pate of diffusion is directly proportional te the difference
in concentration of the two solutions and the unit area through

which the solute molscules paes and inversely proportional to the

elze of the moleoule and the distanoce bwtween the two solubticne.



Thie may also be rspresentad mathsmatically by an equation
derived from Fick'e law which is applicable to free diffusion

of the solutes:

ds de
at .- B =&

Where ds/Ht repraesents the rate of diffusion, i.e. the amount of
the solute, diffuead in unit time, t. A is the unit area through
which the diffueion occurs, ¢ is the difference in concentrations
of the two solutions, x is the distance the solute migrate from
one solution to the other and D is a constant known as diffusion
coefficient and is the diffusional characteristic of a particular
eubstance., It repressnts ths amount of solute that diffusee
through a unit area when the concentration gradisnt is unity.
Owing to random motion of molscules in solution, diffusion
takes place continueusly in all directions. In homogenous solution
the average flux rate over a unit erea in opposite directions to
any point in the solution is equal. A nst change in concentration
does not, therefore, take placs. Intermolecular collision does
occur but this is more important in gaseous phase where tﬁe
process is more rapid and frequent, due primarily to a smaller
intermolecular attraction than in solutions. UWhen a region of
unequal concentration of solute moleculss is achieved then a
net diffusional movement is present from the high concentration
region to the low. This ie simple diffusion and dose not require
any other energy than that of the kinetic energy of motion of

the solute modecule itself.
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Activated diffueion

‘From the thermodynamic point of view, the diffusion process
in the solution is Hiffarant from that of the gas. In the gas
the molecules are more random and they are only subjected to
small intermolecular proceeess. Therefore the kinetic energy
of the diffueion ie not related to the chemical nature of the
diffusing molecule. In solution, the movement of the salvent
moleculs, as well ae the solute, should be taken into consideration,
for the movement of the solute could be dus to the mavement
af the solvant molteculee esurrounding it. In aorder for the solute
molecule to move a certain dietance it should acquire energy to
break itself from the solvent molecule. The diffusion of a
moleculs therefore occure in a eeriee of " jumpe" as it acquired
the activation esnergy necessary for ite movement. The diffusion
coefficient will be related to the viscoeity of the solution
and the friction between the solute and the solvent moleculs.

The rate of diffusion could be rapid in certain cases where the
forcee of attraction are mainly weak (Van der Waale). The concept
of activated diffueion was put forward by Danielli (1947), who

derived the relationship shown below:

T+ 10

on? = Qp
10

Where Qg ie the temperature coefficient of diffusion (D) and

it varies for different esolutians according to the activation
energy (M) the solute moleculse require for ths " jumpe" to

taks place. Therefore, the higher the activation energy (i.e. the
higher the forces to be overcoms) the higher the value of Qg

should be. Applying thie concept to biological membranes, these
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" jumps" of the molecule allow them to penetrate the lipid bilayer
of the membrane pushing their way through by making a temporary
pore for its passage in and out of the cell.

Facilitated diffusion

Although the diffusion across the biological membranee ie a
very elow process due to the barrier of the membranes, it wae
noticed that certain substances diffuse through these membranes
at a much faeter rate than that expedted when their mass ise
taken into consideration. This suggests that thes diffusion
of theee molecules must be facilitated in same way. The
facilitated diffusion could be defined as a diffusion of substances
acrose the membrane at a faster rate than expected from the
nature of the diffueing molecule and the diffusion medium.

The rate of facilitated diffueion is proportional to the concentration
gradient (as with eimple diffusion) and no additional energy imput ie
required. The tranefer of the permeating molecule acrose the

membrane ie due to ite interaction with some specific membrane ¢
component, most probably a protein, which is directional in its
action.

The term membrane carrier (see Wyssbrod st al, 1971) ie
ueed to describe a component of the membrane that exhibits the
capability to associate transiently or temporarily with the
permeating molecule (the passenger) in a way that allowe this
passenger to crose the membrane at a rats which is significantly
greater than that of the passenger in eimple diffueion. The
carrier may allow or enhance the solubilisation of the passenger
in the membrane (Useing 1952) and therefore facilitate the
component to croee the barrier. Many modele of membrene transport

proposed that the subetancs ie transported acroes the membrane



by specific binding to a carrier in the membrane followed by
trenslocation of the "carrier-substrate complex" theough the
membrane and relsase of the substrate from the carriesr. The
transport of the caFriar-substrate complex is either by simfle
diffusion or activeted diffusion down a:iconcentration gredient.

Facilitated diffusion occurs through specific eites on
the membrene and these sitee show a characteristic ebility to
be saturated when there is sufficient emount of eubstrate,
This.ia different from the frse diffusion in that the latter
reaches a steady state equilibrium rether than saturation.

The association of the substance with the cerrier is a
reversible process resembling the mechaniem of enzyme-substrete

interaction, i.e.

cC + S:CS

where C is the carrier in the membrane and S ie the permenting
substance. D-glucose transport acrose the red cell membranse is
e qood example of the carrier transport concept.

Studies on facilitated traneport heve been carried out on
membranee by isoletion, characterisation and idantification
of the cerrier from the membrane. Penros et al, (1968)>hava
isolated the leucine binding proteins from the E coli K12 cells
by oemotic eshock end charecterised the protdin by gel electrophor-
esis, ultracentrifugation and immunodiffusion. Thie protein
is highly epecific for L-isomsr of leucine. The authors showsd
that the rete of diffusion of this amino ecid in E coll was
greatly decreesed after extrection of the binding protein.
- Similar work was carrisd out by Araku (1968g)who isolated the
binding protein from E. coli K12 and ehowsd that the diffusion

process by thie cerrier exhibited saturation kinetics (Araku, 19683),
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Active transport

~ For many yeare investigatore attempted to differentiate
and define the traneport phenomenon observed in the bielogical
syetem. Moet of these phenomena were discussed according to
the forcee involved in the system. Advancaes in research in

traneport phenomena ecross the biological membranes led to a

deeper understanding of the active transport procese. Inveetigators

explained the term active transport as "a process that required
energy for the transport of the species which is accompanied

by coupling of metabolic reaction". Thue they believed that

the driving force and the energy supply ehould be internal

rather than external &o the biological system. However, Rosenberg
(1948) defined ths active transport ae a procese which leads

to tranefer of speciss acrose the membrane againet their
electrochemical potential gradient. This approach was useful

in applicatione to experimental obeervation since the measuremente
of the electrochemical potential difference wae relatively

simple. Howsver, Roeenberg axcluded the possibility that the
active transport may be coupled to external metabolic reaction
and may take place in the direction of external electrochemical
potential, as was observed in the active transport of the Na?

ions from outside to inside of the frog ekin. Attempts were

made by several inveetigatore to define the active transport

mors preciesly and involved non-equilibrium thermodynamic concepte
for interpreting the process (Kedem, 1961). Similar concepts

were ussd by other inveatigatora(moszynisky'gglgi, 1963;

Jardutzky & Snell, 1960) but no experimentally useful definition

to thie process was svolved. Hoawever, the coupling of metabolic
energy to the active transport is a complicated process and

ite understanding requires knowledge of the source of snergy,
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the way it is conserved or used in the biological system and
intafaction of the membrane components with the transported
subetances. |

The energy source for the active transport differs amoag-
different types of cells and organisma. In mammalian celle the
energy is derived mainly from the cleavage of energy rich
phoephate bond of the terminal phosphate group of ATP. On the
other harid the mitochondria and certain types of bacteria use
energy derived from the mémbaane linked oxidation processes ase
a result of the activity of membrane bound oxidative enzymes.
Thie type of energy source is used by nerve, muscls and nucleated
red cells of birds (Shanes, 1951; Maizels, 1954; Hodgkins & Keynes,
1955). The conservation of the energy in the mammalian cell
membranes may be achisved through the formation of covalant
bonding in the membrane protein and the utilisation of this
snergy could be observed in conformational changes of the
membrans components involved in the transport.

Fhe remainder of this section will be concerned about the
active transport mechanisms of cations with particular reference
to the red cell membrane. |

(Na++ k) - ATPase

This is one of the most extensively studied active transport
eyetem, It utilizes ATP as a source of energy which ie derived
from the cleavage of its terminal phosphate bond.

The studise of the cation gradient across the cell membrane
were established first by Gohn. & Cohn (1939) when they observed
a rapid uptake of 220 by the blood cs8ll of the dog which suggestsed
the existence of cation gradient due~te the permeability of

the cell membrane to eodium ions. This gradient was abolished by
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incubation of the cell at low temperature (Harrie, 1941) but

wae re-cetablibhed after incubation at physiological temperaturs.
These obeervations led to the "pump-leak" concept. According

to this concept both Na* and k' ions could leak passively into
and out of the red cell in the direction of their concentration
gradient, while an active.pump extrudas Na+ out of and draws K'
into the cell also againat a chemiwal gradient.. The pump
activity was found to be abolished when glucose was absent from
the medium or when inhibitors of the glycolytic pathway, e.g.
fluoride, N-ethylacetamide, were present (Harris, 1941; Dawski, 1949),
The cation pump is not associated with the glycolytic pathway
but the ATP which is used is supplied by this pathway and is
essantial for the oump activity. Further experiments provided
evidence that the cation pump activity wae restored when ATP was
regenerated in energy depleted celle (Hoffman et'al, 1960).
Hawever, the possibility of existence of an enzyms requirsd to
utilize the energy available from ATP for the cation pump was
discusead by Skou (1957) who describsd an activity of the enzyme
ATPase from crab nerve which is stimulated by Ngz+. This
activity was increased on addition of Nat and K* ione. The
enzyme was strongly inhibited by the cardial glycoside ousbain
(Schqﬁzmann, 1953), which was found to be specific for thie enzyme
(Skou, 1960). Skou also suggested that the ouabain-eensitive
(Na* + k*) - AtPase might be a part of the Na' transport eystem.

General properties of the (Na+ + Kf) ~ ATPase

The properties of this enzyme are more or less eimilar in
most tissues. Therefore they are discussed here in general with
reference to the enzyme activity in the red cell,

The pH optimum of the (Nat + K*) - ATPase in esveral tissues

are in the range of 7.2 in the nerve (Skou, 1957) to 7.5 - B



in ths intestine of the guinsa pig (Tayler, 1962). Ths stimulation
of the snzyme by Ngz+ in rat liver is aptimum when the ratio

of ATP : mg2t

is 1 : 1 (Bakkeren & Bonting, 1968). It was
suggested that ths trus substrats for the enzyme is Mg - ATP
complsx rather than ATP only or that the ATP binds to thse

snzyms via m92+ (Atkinson st al, 1968). The half maximal
activation (Km) aof ths enzyms by Na' wae investigatsd in many
tissues and found to vary from one tissue to ths othsr (Skou,
1957; Hafksnscheid & Bonting, 1969). At high Nat concsntration
(above 125 mM) the snzyms activity wae found to decrease, This
suggsests that Na' ions compets with K' ions and rsmave them from
their binding sitse on ths snzyme (Priestland & Whittam, 1968).
Similarly, Kt activation of the snzyme was studisd (Bonting.ggugl,
1964) and it wae found that maximal activation is reachsd at

k* concentration of 5 mM followsd by decreass in the activity
when ths K* concsntration was grsater than 30 mM. Othsr cations,
s.g. thalium, rubidium, were shown teo replacs Nat or K+, although
the activity of ths snzyms was much lowsr for thsss cations,

Rs mentionsd previacusly, cardiac glycosidss wers shown to inhibit
ths snzyms spscifically, ths bsst known bsing ouabain. This is
ussd sxpsrimsntally becauss it is fairly soluble in watsr.

Ths mechanism of action of ouabain on the snzyms was shown to be
biphasic, i.8. it stimulatss ths activity at very low concentration

- -4
8 10 gm) and inhibits it at higher concentration 10 M

(107
(Bonting, 1966). K+ ione antagoniss ths inhibition by ouabain

in srythrocyts msmbrans (Dunham and Giynn, 1961). Ths association
of ths snzyms with the membrane lipid was studied by ths action

of detsrgsnts and phospholipasss. 1t was shown that thes rsmoval
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of certain lipids from the membrane led to loss of the enzyme
activity which was partially restored after addition of lipids,
particuiarly phosphotadylcholine (Tanaka & Strickland, 1965).
This suggasted thaé the (Na+ + KY) - ATPase is an intrinsic
protein associated with ths membrane by lipid-protein intsr--
actione, Molecular weighd of the enzyme was sstimated by eeveral
authors to be 670,000 (Vesugi et al, 1969) and 250,000
(Keprrer& McCay, 1968).

The (Na+ + K*) - ATPase was first demonstrated in the red
cell by Dunham & Glynn (1960, 1961) and Post et al (1960).
These authore suggasted that the cation pump and the (Na' + k') -
ATPage are virtually the same because they exhibit the same
characterietics concerning their location in the membrane,
utilieation of ATP, requirement of Na' and K+ ions and their
inhibition by ouabain. Investigation concerning the ionic
atrength effect on ths enzyme showed that K+ activates the eystem
outeide the RBC whereas Na+ activates in internally (Glynn, 1962;
whittam, 1962). As mshtioned, the ATP should be on the interior
surface of the cell to serve as a substrate (Hoffman, 1962).
The phosphste is released outside the cell and passively diffused
in (Schatzmann, 1964). These facts suggested that the active
aite of the enzyme ie located at the internal surface of the
membrane and activated by Na+ ione uwhereas the dephosphorylatién
gite is in the outer surface, activated by K" and inhibited by
ouabain. The atoicﬂ?matric relation between the catione and
ATP is 3 for Na' and betwesn 2 to 2.5 for K i.e. 3 Na+ ions
and 2 to 2.5 K+ ions are transported for ons molsculs af ATP

hydrolysed (Sen & Post, 1964; Gordose, 1964). Correlation



between the pump end the glyceolytic pathway was established
in the erythrocyte. The reaction step in the pathway which
lead to the generation of ATP is influenced by the pump

activity, as shoun:

1y 3-diphosphoglycerate + ADP OP + Pi
Phosphoglycerate kinase (Na* + K+) - ATPase

2-phosphoglycerate ATP
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This influsence is rspreesnted in supplying the ADP
(resulting from the hydrolysis of ATP by the pump) to this step
leading toiincreaesd production of new molecules of ATP which will
be utilised by the pump, the reaction being cyclic (Parker &
Hoffman, 1967).

The mechanism of the (Naf + K+) - ATPass

The first step in the reaction mechaniem is the formation
of the phosphorylated intermediates after hydrolysie of the ATP,
This complex formation is activated by Nat and Ngz+ ions (Fahn

ot al, 1966). This reaction ie repreeented as followe:

mg*, Na'
ATP + E 9 » N8 s F _ PpPi + ADP

kK* ions enhance the dephosphorylation of the high snergy complex,
E - Pi, This etep ie inhibited by Ouabain (Poet.gg'gi, 1965;
Gibbs et al, 1965). The poseibility of labelling the phospholipdide
with 32P as a phosphorylatsed intermsdiate was sliminated because
it wae found that 95% of the labsl is incorporated into the
phosphoprotein fraction (Ahmed and Judah, 1965) and the isolation
of various phospholipids from the membrane after the labelling
ehowed no significant incorporation of 32P in the lipid fractions
(Glynn et al, 1965). The sscond etep ie the dephosphorylation of
thie phosphorylated intermediate. Thie dephosphorylation is
stimulated by K' and inhibited by ouabain as shown below (Rega

et al, 1968):
+
K
E - Pi > E + Pi
N ouebain inhibitable

This enzyme was further stimulated upon the addition of ATP and Na+.
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This suggested a close relationship betwsan the phosphatase and
the (Nat + K*) - ATPase system (Yoshida st al, 1969). Howavar,
moré detaited reaction mechanism of the (Na® + K+)-ATPase

system was proposed (Seigel & Albers, 1967) which includes two
types of phosphorylated intermediates. The sequsnce ie prasented

as follows:

+ m2+
£, + ATP o=t 9N €, - pi+ AOP

£] ¢ Pig=E, - P

EZ - Pi + H20

—> £y + Pi

By

The €, and E;— Pi ars oriented to the interior of the cell
membrane with high affinity to Na+ ions and low affinity to K"
ions. The E2 and Ez- P are locatsd at the exterior of ths cell
membrane with high affinity to K* and low affinity to Na® ions
(Albere et aly 1968). This modsl is presented in fig. 3.1.

In earlisr studies a different model was proposed (Opit &
Charnock, 1965) based on the Davson-Danielli protein-lipid
bilayer. This model suggssted the location of an ionic site
of the protein at the interior of the membrans. To these sitss
cations, e.q. Na+, k¥ were said to be bound. Furthar, in the
presencs of excese Na+, the ATP will react with the phosphorylation
eites of the enzyme lsading to elongation of the polypeptide
chain at the inner surface thus causing the chain to rotats
about the centre of the lipid exposing the anionic eitses to
thes exterior. The phosphorylation sites will remain at the
interior surfacs dus to their reeistancs to rotation; The anionic

aites at the extsrior loose their affinity for Na* and exchange



cis trans

Model of (Na+ + K7) - ATPase according to Albers et 21 (1968), The circle represents cell membrane.

Anionic sites are represented by solid bars. (a) Ne+ cependent ATP-ADP exchangs. (b): Change of

cis- to trans-form or phosphorylation, (c): Nat, K+ exchange; presences of Kt causes dephosphorylation
and the enzyme converts to cis=-form when exchange of K" for Nat takes place.
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it for K. «* binding will etimulate the dephosphorylation
of the phosphorylated intermediate. However, thie model hae
not been eubsetantiated.

The Mechaniem of Inhibition by Ouabain

It was obeerved that ouabain combimee with the phosphorylated
enzyme and inhibits the.dsphosphorylation etep (Matusi & Schwartz,
1968). This reaction is antagonised by K+ ione and is reversed
at low concsntration of ocuabain (Matusi & Schwartz, 1966). The
Ki depends on the Na® : K ratio. The binding requires N92+
and ATP, ies etimulated by Nat and depreesed by k*. Thie suggeste
that the binding of ouabain is to the phoephorylated enzyme.
However, the hinding aof ouabain was shown to take place even
when the phoephorylated intermediates were not formed (Schwartz
et al, 1968). This suggeetad that the binding resulte from
the conformation of the enzyme brought about by the phoephorylation
or other process. This was further eupported by the evidence
that the enzyme could bind inorganic phosphate in the presence of
ouabain whereae thie did not occur in the abeence of ouabain.

This can be explained by aessuming that ATP and Nat binds to the
enzyma (rather than ite convereion to E — Pi form) wh;ch

will induce the conformational changes in a way which is favourable
to K& stimulated hydrolysis and that oyabain binds to the

enzyme in this form.

ACTIVE Ca?* TRANSPORT ACROSS THE RED CELL MEMBRANE

The permeability of the red cell membrane to Caz+ wae shown
to be low (Passow, 1961 .3 Rummel et al, 1962) as is the
Ca2+ concentration ineide the cell. These abeervations were
further confirmed by Schatzmann and Vincenzi (1969). They

observed very slow diffusion of Ca2+ into the cell after
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ineubation of the intact red cells at 4 C in a medium

containing radioactive 4SCa2+

2+

for several weeks. Exchange
betQaen Ca®  ions inside and outside the red cell was also
demonatrated (Porzig, 1970).‘ However, many techniques were

used in an attempt to determine the precise concentration of

fres Caz+ in ths cell. The values were variable due to over-
eetimation of the real value by calculating for the C82+ bound

to the membrane en the interior surface of the cell membrana.
Eventually, the concentration of the Caz+ inside the cell was
accepted as 10'5m (Lichman and Weed, 1973; Vinc®nzi and Schatzmann,
1967).

2+
The red cell membrane binds considerable amount of Ca

and at least three binding sites of different affinities for Ca2+
have been shown to be located on the inner surface of the membrane
(Long & Monat, 1971). Several binding sites wers also found
to be located on the spectrin-like protein (La Celle gt al, 1972).
The existence of (Ca2+ + N92+) - ATPase in the red cell
was known for some time (Dunham & Glynn, 1961) bsfore the
demonstration of the active C82+ extrusion pump in the red cell
membrane (which wae not inhibited by ouabain) by Schatzmann
(1966). Schatzmann'e etudies were based on loading the cell
with Ca2+ by the method of reversal haemolysis described by
Whittam (1962). According to this mathod the cells were exposed
to hypotonic shock which rsnder the membrane leaky to cations.
The impermeability of the membrane to certain cations is restored
ae soon as ths cells are transferred to isctonic medium. In

this medium the membrane eventually reeeale, enclosing ths cations

which have leaked into the cell during the hypotonic shock.
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Although 80% of the membranes are resealed by this method
they are still leaky to Na* and Kt ions and the sealing for
these ione take placp only after prolonged incubation of
the cells at 37 C, (Bodemann & Passow, 1972). Theee cells

2+ 2+

do, however, teseal to Ca , Mg and ATP almost immediately

after the restoration of tonicity.

The level of Caz+

ineside the cell can be controlled by
EGTA (Schatzmann, 1973). Ths cells were incubated at 37 C
under sterile conditions for 15 hours in glucess free medium-
to deplete the cells from energy and wers loadsd with C32+

(in concentrations less than that of the medium), mgz+ and ATP.
In the preeence of ATP and Ngz+ the rapid movemsnt of C32+
acroes the cell membrane to the outside was noticed. This was
accompanied by the preeence of inorganic phosphate (Pi) inside
the cell (Schatzmann & Vincenzi, 1969). In the absence of ATP

2+ ions was observed. These observatione

no net movement of Ca
euggest that there is an active pump which drivee the Ca2+ ions
from inside the cell against a chemical gradient (Jay & Burton,
1969). The results wsre confirmed by bther workers (Olson &

Gazort, 1969; Lee & 8hin , 1969; Porzig, 1970).

3.3.1 The energy eource for the C82+ pump and cation requirements
Since the energy deprived cells did not transport C32+
in the abeence of ATP it was concluded that ATP provided the

pump with energy by its hydrolysie. It was argued that ATP or
its hydrolysis compaund ADP and Pi act ae a carrier for C52+ ions
across the cell membrane as they move by eimple diffusion to

the external medium but when the nst diffueion of these compounds

was abolished by increaséng their concentrations outeide the cell,

the overall movement of Ca2+ was not affected (Olson & Gazont, 1974).
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The ATP utilized in Ca2+ transport should be present
ineide the cells. Experimente showdd that ATP in the external
medium faildd to eerve as a substrate for the enzyme (Palek
et al, 1971). The enzyme aleo requires N92+ ioﬁa ineide the
cell (Lee & Shin , 1969). The optimal concentration for Ngz+
ie 5 mM or equal to the.concentration of ATP. Any change in
the concentration of Ngz+ in the presence of ATP affecte the
Caz+ concentration. This was thought to be due to competition
of N92+ and Ca?* for complexing with ATP to form the (Mg ATP) and
(Ca ATP) complexes respectivsly (Schatzmann, 1969). The true
substrate for the enzyme is thought to be (Mg ATP) complex
rather than ATP alone, (Epstein & Whittam, 1966). Mgz+ is not
traneported and its level ineide the cell ie maintained throughout
the reaction (Schatzmann, 1969).

The enzyme (Ca2+ + Ngz+) - ATPase showe a relative specificity
for other metal ione: Sr2+ can replace Ca2+ and was shown to
be traneported at the same rate (schatzmann & Vincenzi, 1969;
Olson & Gazort, 1969) and compete with Caz+ at the active site
of the enzyme. The relative affinity of the enzyme for both
ione is virtually the sams; l'|n2+ on the other hand activates the
snzyme partially and ie not tranaporfed, nor does it compete
with ca’".

The enzyme showe high epecificity for ATP although differend
nucleoside triphosphates, e.g. UTP and CTP (0Olson & Ga¥ort, 1969)
are less effective in serving ae a subetrate (Lee & Shin, 1969).

Je3.2 Inhibitors

As mentioned previously ouabain did not inhibit the Cn2+

transport or the (Ca2+ + Ngz+) - ATPase (Schatzmann, 1966).

Other inhibitors euch ae oligomycine, caffeine (Schatzmann &

Vincenzi, 1969) were also not effective. Sulphydryl reagents
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' +
which are potent inhibitors for (Na+ + K ) - ATPass, are

2+

effedtive in inhibition of Ca 2y .

transport and (Ca2+ + Mg
ATPSsa, and also for N92+ - ATPase (Vincenzi, 1968; Schatzmann
& Vincenzi, 1969; and Palsk st al, 1971). Ruthenium-red,
a hexavalent cation, which was shown to be a strong inhibitor
for Ca-tranaport in mitochondria, could inhibit the (Ca’’ + Mg>') -
ATPass of rsd cells (Watson st al, 1971), N92+ - ATPase and
(Na* + K*) - ATPase were also found to be inhibited by this
cation but to a lesser extsnt. However, the Caz+ transport was
not inhibited by this cation (Schatzmann, 1975). Ruthenium-red
ie available commaréially contaminated with othsr reagents and
its purification is nacessary (Luft, 1971). The impurities in
the ruthenium-red led to the suggestion that ite inhibitory
action is an artifact due to the presence of thess impurities
(schetzmann, 1975). The (C.2+ + ﬂgz+) - ATPase activity as well
as the Caz+ transport were shown to bs blocked completsly by
ths trivalent lanthanides, holium (H03+) and praesodymium (pco*).
At 1 mM concentration of H03+, full inbhibition occurs, suggssting
the poesibility of complex formation with ATP. It may also -
compets with Ca2+ ions at the active site of the anzyma'(Schatzulnn )
& Techabold, 13971).

It may be mentioned hers that the activation of Caz+
pump can be achieved by the hormons calcitonine (which induces
Caz+ sbeorption in the bons tissues). Relsaes of Caz+ from the
red cell wae obeerved aftsr introduction of this hormone
(Parkinson & Rudd, 1969). A protsin activatér from the haemolysate
of membranss prepared in the presence of Tris-EDTA buffsesr was
shown to stimulate the activity of (Ca2+ +'Ngz+) - ATPase without
any effectson the activities of I'lg2+ - ATPase and (Na+ + K+) -

ATPase (Bond & Clough, 1973).
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Dif ferent tZEes aof Ca2+-activatad ATPasss

" In the red cell membrane, apart from the (Na+ + K+) ~ ATPase,
there éxist other typse of ATPases that may be stimulated by
C;2+ but may depend on other cations for their full activity.

The Ngz+ activated ATPase operatee in the praesencs of Ngz+
and ATP inside the cell.or membrane prep and its activity ie
datectable when Ca2+ and aother cations are absent. It ie not
involved in transport of any of the cations and its functional
significance is thought to be in its influence on the red cell
permeability (Romero, 1974). The Ca2+-activated ATPase operates
presumably when high level of Ca2+ ineide the cell is reachad.
The Km of thie enzyme for Ca2+ wae estimated to be 1 -~ 2 mM
(Roeanthallgs_gl, 1970). This enzyme ie thought to be aesociated
with the fibrillar protein spectrin becauee it could be eolubilized
from the membrsne under the same conditions used for eolubilisation
of thie protsin, e.g. the presence of low ionic strength,
elevated pH and chelator (Marcheei & Steere, 1968). It wae
suggaeted by these authore that spectrin is involved in the
regulation of the deformability of the cell membrane and plays
an important role in mapy phyeiolaogical functione aof the red
cell.

The high level of Caz+ inside the cell ie very unlikely
to be reached unleea, under certain pathological conditions
associated with alteration in the physical status and permeebility
of the membrane, Thie in turn will lead to etimulation of this
enzyme., N92+ ione were ehown to inhibit this activation when
present inside the cell with Ca2+ (Roeenthal st al, 1970), It

may aleo act ae a regulator of the permeability of the cell
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membrane (Romero, 1974).

(Ca2+ + Ngz+) = ATPase ie an important snzyms becauee,
bseidee the (Na+ + K+), it ie thought to be associated with C52+
traneport (Schatzmann, 1975). Kinetic studiee showed that the
true subetrate for thie enzyme ie (Mg ATP) complex (Wolf, 1972),
Thie enzyme 1ise activataa at very louw Ca2+ concentration ineide
the cell compared to the Caz+-ATPaea discuesed above. This ie
one of the reasone to believe ite aeeociation with Ca2+ transport
pump (Schatzmann, 1975). The Km value for this enzyme was
eetimated by eeveral workers end found to be in the range of
10~5m (Vincenzi & Sahatzmann, 1967; Wolf, 1972). 2 x 10"m
(8ond, 1972) and 6 x 10°°m (Davie & Vincenzi, 1971). Thie
enzyme may also stimulate binding of Ca2+ to the membrane in the
preesnce of M92+ and ATP (Duffy & Schwarz, 1973).

2+ K+) - ATPaees®

2+ 2+ +
The (Ca + Mg + Na ) and (Ca2+ + Mg
2+ 2+
are probably a conversion of the (Ca~ + Mg ) - ATPaee which
cperatee in the preeence of one of the alkali catione K or Na*
2+ 2+

which may induce further etimulation of the (Ca~ + Mg~ )ATPaes
(Schatzmann & Roeei, 1971; Bond & Green, 1971). The expreseion
of the activity of theee enzymee is greatly dependent on the made
of preparation of the membrane and the aseay mixture (Shcarff, 1972),.
It is also suggeeted to be an artifact of preparation (Schatzmann,
1973). However, the same author also euggeeted that the two mono-

+ +
valent cation activitiee may reeult from decoupling of (Na + K ) =
ATPase,

2+ 2+
The (Ca“" + Mg ) - ATPaee was found to exhibit different
2+
affinitiee for Ca2+, depending ol the range of Ca concentration
usad in the experimente (Schatzmann & Roeei, 1971; Wolf, 1973).

When a wide range of ca®" concentration wae employed (0.1 x 1074
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to 5 x lﬂ'dﬂ) the (Caz++ mgz+) - ATPase showsd a complsx kinetic
behavious indicating ths pressncs of mors than ane binding site
for Ca®’ with diffsrent affinities (Schatzmann & Rossi, 1971).
Two sites of diffsring affinities for (Ca2+ + Ngz+) - ATPase
were also suggested by Wolf (ses revisu by Schatzmann, 1975).

The Km valus for ths high affinity (Ca®t + Mg?") - ATPaes
was reportsd to be 4 M by Schatzmann & Rasei (1971) and 2.3 M
by Wolf (1972). For the low affinity, the Km value wae found :
to bs 0,1 mM (Shcatzmann & Rossi, 1971). Ths derivation of Km
value for the low affinity site is mads difficult due to
contaminating Ca2+ ions in the preparation of the msmbrane.
EGTA buffers have been ussd, but in mast cases involve uncertainties
in the dissociation constant of Ca.EGTA complex under the experi-
mental conditions used (Schatzmann & Rossi, 1971).

However, Schatzmann (1973) has concluded that the low
affinity eite may be due to an artifact., He reported the Km
value of Ca2+ traneport out of the red cell to be 4 M, agresing
closely with that of high affinity (Ca2+ + mgz+) ~ ATPass, On
this evidence it is generally belisved that the high affinity
ATPase is responsible for Caz+ transport. The function of the low

affinity (Caz+ + N92+) - ATPase has not yst been established,

The phosphoprotsins of (;a2+ + Ng?+) - and (Na' + K') = ATPases
SDS gel electrophoresis analysis of the ghost membranes
showed at least two phosphoproteins, ons in the region af the
gel corresponding to molecular weight of 150,000, which appeared
when phosphorylation of the membrane was carried out in the |
presence of 0.5 mM Caz+ (Knauf et al, 1974). The other phospho-

protein appeared in the region of 103,000 molecular weight and
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was considered as the Ngz+ and Na' phosphoproteine (Knauf et al,
1974), The formation of two separats phosphoproteins suggeeted =
that the (Na'+ K') - ATPase and the (Ca’® + MgZ') - ATPase are
two separats enzymes operating independently of sach other. The
pronase digeetion studies indicated the localization of the

enzyme phosphorylation site on the internal surface (Knauf.gg.g;,
1974), A close rslationehip between the (Ca2+ + Ngz+) - dependent
ATPaee and the p-nitrophenyl phosphatase was found to exiet

(Rega gt al, 1973). This ie based on the obeervations of a

common optimal caZt

concentration required for ectivation, the
requirement for ATP and the activation of beath enzymee at the

inner eurface of the membrans. Theee observations suggeeted that

both enzymee may be part of one syestem and may ehars the same

acbive site for ATP and Ca2+. Moreover, thees authors have shown

that the phosphatase eubetrate (p-nitrophsnyl phoephate) combinee

with the enzyme system at the active eite inhibiting the (Cl2+ + B92+)

2
- ATPass activity and the active Ca * extrueion.
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3.5 CALCIUM TRANSPORT IN THE SARCOPLASMIC RETICULUM

' Examination of studies carried out on sarcoplaemic reticulum
with regard to Ca2+ transport and Caz+-ATPasa shows that a
very eimilar process also takee place in the red blood cell,
Although it is clear that the pumps involved are different,
the general principlee involved are very similar in that a
contractile type of eystem is involved in both in which Ca2+

appeare to.be of central importancs.

Je5.1 Requlation of ca?’ concentration in the sarcoplasm by membrane

of the earcoplasmic reticulum

In the preesnce of ATP and m92+ the sarcoplasmic fragments
actively remov¥e ce?" from the medium (Ebashi, 1960). Thie was
‘described later (Hasselbach, 1964) to be due to active caZt
traneport which derives ite eneigy from the hydrolysis of ATP
and actively accumulates Ca2+ in the sercoplasmic reticulum,
The mechanieme of regulation of the contractile eyetem by Ca2+
is not fully underetood but the dspendence of muecular teneion
on free Ca2+ concentration in the sarcoplasm is acdepted. Thse
free Caz+ concentration in the resting muscle was found to be
lese than 10'6N (Portzehl gt al, 1964). The level of intracell-
ular free Ca in the red cell was also found to be in the micromeler
range (Vincinzi & Schatzmann, 1967). The accumulation of Caz+ 1
by the sarcoplaemic reticulum will lead to lowering of the free
Ca concentration below 10‘7m which is bslow the threehold
concentration and will causs muecle rslaxation (weber.gg.gi, 1963).
On the other hand, the rsleass of C82+ ione from the sarcoplaemic
reticulum upon excitation (Ashley & Ridguway, 1970) will increase

the free Ca2+ concentration in the sarcoplaesm lsading to muscle

contraction. In the presence of SmM N92+ and 1mM ATP at free Ca
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concsntration of 10'6

to lﬂ-sm, hydrolysis of ATP, acetylphosphate
(de Meis, 1969) and p-nitrophenylphoephate (Ineei, 1971) occur
simultaneously suggesting the existence of a common enzyma

for the above substrates.

Phosphoprotein intermediate

In ths microsoms an exchange betwsen the tri and di

phoesphates at ths nucleosidse occur: ATP + ADP = ADP + ATP
(Ullbrecht, 1962; Makinoes, 1969). Thie is dependent on free

Caz+ concentration in the medium which is similar to that of
ATPase and Ca2+ transport system. The relation between

ATP - ADP sxchange, ATPass activity and Caz+ traneport was
dsmonstrated ae formation of phoephoprotein intermediate (Yamamato
& Tonomura, 1967; Makinose, 1969), after incubation of ths

2

microsoms with 3 P labelled substrates (i.s. the ATP or

acstylphosphate)., The steady etate optimum is reached at SmM Ngz+
concentration which was shown to accelerate the formation of this

intermediats (Martonosi et al, 1971), However, the possible

mechanisem of the hydrolysis of ATP by Ca2+ transport system

could be:
E + ATPe=—E — ATP (1)
E + ATP + 2Ca’i——NF - ATP - 202t (2)
E - atp - 2ca?t_M% ¢ _ p . aca?* 4 Ao (3)
E - P - Zam——>E -P-2ca (4)
E, - P - 2Ca’e— > E + P+ 26 (5)
El————-% E (6)

Step (1) doee not requive divalent cation. The phosphoprotein

intermediate will result from interaction of Ca2+ with the

E-ATP complex., Two Ca2+ ions are required for 1 molscule of ATP
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to interact with enzyme (Hasselbach & Makinose, 1963). The
formation of thie intermediate is dependemdent on the free

Ca2+ concentration and ATP - ADP exchange (Yamamoto & Tonomura,
1967) which will ocaur after the formation of ADP to the ATPase
activity, will provide the energy for formation of ATP from ADP
and inorganic phoephate (Makinose, 1971; Makinose & Haseelbach,
1971). The phosphate being accumulated outeide due to its
diffusion through the highly anion permeable membrane (Duggan &
marbofiosi, 1970), The molecular organieation of the enzyms was
further investigated by labellikg the membrane with AT32P and
separating the polypeptides by high voltage elsctrophoreeis after
the extraction of membrane lipide and digestion with pepein
(martonoei, 1969; Martonosi & Halpin, 1971). Only one polypeptide
wae labselled, although other weakly labelled polypeptidee werse
obsesrved. A phoephoprotein in the red cell membrane wase aiﬁo
eshown to be formed in the presence of 0.5 mM Ca2+. The molecular

weight of this protein was found to be 150,000 dattone (Knauf

ot al, 1974).

The release aof Ca2+ from the sarcoplasmic reticulum

The fragmente of the earcoplaemic reticulum previoﬁaly
loaded, were ehown to release Ca2+ rapidly upon electrical
stimulation of the.frog muecle (Jobsie & §'Connor, 1966). The
eetimated ionic Flux in different types of mueclee (Bianchi, 198t}
Winegrad, 1961) and different especiee (Tasaki & Singef, 1966)
were found to be eimilar. 7Thie suggeste that the mechaniame
involved in C&2+ release and regulation of ite permeability
ie aimilar (Katz, 1966).

However, two mechaniems are involved in Gaz+ efflux: carrier
mediated efflux of Cé2+ and paseive diffusion of Ca2+ and anions,

Such mechanisme have nbt been found in the red cell yet, although
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these may exiet.

1. Carrier mediated efflux of Caz+

The exchange between 4Staz+ loaded in the sarcoplaemic

2+

reticulum and 400& added to the incubation medium was found

to be rapid with no effect on the steady etate concentration of
Ca2* (Martenesi & Feretos, 1963; Ueber 8t al, 1966). Thie

suggests that the eteady state ie maintained by balance of the

ca2* influx and efflux (Weber, 1971a;Ueber et al, 1966). The
eteady state efflux of the Ca ions is inhibited in the presence

of ATP, Mg, by increaseing the intraveeicular Ca2+ concentration

or decreaeing the ion concentration in the external medium (Websr,
1971a.) The retention of Caz+ ineide the veeicles in the presence

of mg2+ and after suspeneion of the veeiclee in Caz+?rea medium
required ATP, The ATP ie neceesary for maintaining a relative
impermeability of the microeomee to Caz+'(WGb9r, 1971b). When

ATP 6r N92+'are removed the Ca efflux increaseee via passive
diffusion, due to changee in the permeability of the microeomal
membrane after the removal of ATP. In the preeence of Ng2+,

ADP and inorganic phoephate in Ca2+ free medium, the rate of

efflux of Ca in c&2+ loaded vesiclee increaeses. Thie ie accompanied
by the eyntheeie of one mole of ATP for esach two molee of Ca2+
ione releasesd. The rate of eynthesie of ATP is only 20% of its
hydrolysis rate during active transport (Barlogie et al, 1971;
Makinoes & Haeselbach, 1971). The carrier mediated efflux of Caz+
reprasents the revereal of the active Caz+m uptake, evidenced by
the finding that the Caz+ efflux ie induced by ADP, Mg and Pi, and
is inhibited by increaeing free Caz+ concentration in the medium
(Barlogie st al, 1971). The eignificance of the carrier mediated

Ca2+ efflux is thaAragulation of the sarcoplasmic Caz+ concentration.
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The Ca2+ release during stimulation is regenerative procese

(Ford & Podoleky, 1970; Endo 8t al, 1970) because further increase
in the. earcoplasemic Ca2+ concentration enhance furthsr release

of Caz+ to the external medium.

The penetration of Ca2+ through a mobile carrier has been
etudied in the artificial lipid membranes. The rate of Cal®’
efflux wae estimated to be 8 x 10°° mole/bmz/becond (Kornberg &
McConnell, 1971h) when the initial Ca2+ concentration of the phog-
photidylecholine artificial bilayer was 1 to 3 x 10~2 mole of
Caz+/hole of phospholipid. The movement of Ca>' was thought
to be due to movement of the phospholipid molesule from the
outer to the inner surface of the bilayer, a mechanism known as
flip-flop transition. The rate of flip-flop was eetimated by

14 mola/cm’/second

Kornhsrg & McConnell (1971b) to be 1.7 x 10~
by the spin lébelling techniques., The penetration of Caz+ through
the hydrophylic channele vcreated acroes the artificial or

natural bilayer by the uee of macrocytic antibodiee has also been
etudied (Mueller & Rodin, 1968 " The ca’t permsability

wae enhanced by passage through these channels.

2, The passive diffusion of Ca and anions across the sarcg--

plasmic reticulum

The ieclated sarcoplasmic reticulum membrane exhibite very

low permeability for Ca2+ which may be similar to its state

in vivo. This wae obssrved due to the elow release of Caz+ from

the loaded veeiclee even after electrical etimulation (Van der Kloot,
19663 Lee, 1967). The rate of ca’* release from the fragmente in
Caz+ free medium was 50 bo 100 times slower than initial active
uptake and 10 to 20 times slower than the carrier mediatsd efflux
(Duggen & MartofMosi, 1970). Although this rate ie slightly

enhanced by nlavatﬁd terporature, alkaline pH and the preeence of
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SH-group reagent, the rate ie etill much below the expected

rate of the efflux during excitation. On the other hand, the
sarcoplasmic retitulum fraction appear to be quite permeable

to anione euch ae axalate, pyrophoephate and ofthophoephata, ae
evidenced by the complexation of oxalate with Ca2+ ion in the
microsomal particlee (ﬁgrtonoei & Feretoee, 1964). It ie not
cdrtain whether thie permeability ie due to partial damage of

the membrane or to ite nafural etate in vivo. If thie ie

trwe, then anions may be incorporated in the eyntheeie of important
metabolic intermediatee neceesary for energy producing activities
of ths earcoplasmic reticulum (De Duve st al, 1962).

Fragmente of the earcoplaemic reticulum are impermeable to
macromoleculee, e.g. inuline (molecular weight 5000) or dextran
(molecular weight 15,000 - 90,000) at pH 7.9. But, in the
presence of ATP, a decline in the level of Ca2+ ineide the vesicles
wae okeervsed accompanied by penetration of 14C-inulin or
1‘C dextran. Similarly, treatment of the fragmente with EDTA at
pH8 produced the eame effect (Duggan & Martonoei, 1970).
Treatments with EDTA caueed the releaee of two proteine of
molecular weight 51,000 and 63,000, ae setimated by gel'electro-
phoresis (Martonosi & Halpine, 1971) which were reattached upon

addition of 1mM CaC12-



SECTION &

4,1 PHOSPHORYLATION - PROTEIN KINASE

The phoephoryletion process ie important in the regulation
of severel cellular activities carried out by components §s the
living cell. Protein phosphorylation gensrally involves the
trensfer of the gamma terminel phoephate group of ATP to a
receptor protein. This procese is catalyeed by protein kinass.

Protein kinese wee first extracted from liver tieeue and
was thought to be of mitochondrial origin (Burnett & Kennedy,
1954)., Earlier attempts to ieolate the enzyme were not eucceseeful
(Friedkin & Lehninger, 1949). A eimilar enzyme wae deecribed
in the rabbit mammary gland which could phoephorylate caeegn
(Sundarajanlgglgi, 1958). The exietence of this enzyme in e
variety of tissuee, e.g. brein and yeast (Rabipowitz & Lipmann,
1960), wee aleo demonetrated. Protein kinasee involved in the
regulation of a variety of cellular processes were described ehortly
ef ter the discovery of theee enzymes in the liver. Amonget thesee
enzymee was the phosphorylase kinase which catalysed the phoe-
phorylation and activation of the enzyme glycogen phosphorylaese,
(Krebs & Fischer, 1956). This enzyme was not eble to phosphorylate
phosvitine eignificently (Rebinowitz & Lipmann, 1960).

Originelly, the protein kinasee were described and named
eccording to their eubstrate, e.g. protamine kinaee (Jergil &
Dixon, 1970); histone kinaee (Langan & Smith, }967). However,
this was altered since the protein kinaees were found to have a
broader specificity than firet thought. Therefore the enzyme
was named according to ite dependence on cAMP or other cyclic

nucleotides. The intereet in the cAlP-dependent protein kinaee
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ha§a~baan widely growing ever since thess enzymes were described
as a class of regulatory enzymes and since it was demonstrated
that the protein kinase from the liver is regulated by cAMP
(Langan, 1968).

The cAMP-dependent protein kinases were found to be widely
dietributed in a variety of tiesues among different species
(ses Kuo & Greengardi 1969; 1970). Thesse authore have put
forward the hypothesis that all the physiological effects dof:
cAMR are mediated by the protein kinases., Since cAMP is an
important regulator of many cell processes, their hypothesis
made this enzyme equally important in these regulations. This
was further supported by the finding that the activity of the
kinases and the protein phesphorylation are affected by hormonss
which are also known to control the level of cAMP in the cell,
(Lengan, 1969). A simplified diagram shows an example of action

of cAMP in the regulation of cell function:

Stimulus
(e.g. hormone)

Production or increasse
leiel of cAMP

Activation of
protein kinase

Protein
phosphorylation

I

Physiolo;Lcal evant
{e.g. fat mobilisation)

Fig 4.1 Sequencs of reaction upon hormonal stimulation

of a recsptor.
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Propartiee af Protein Kinasee

Protein kinasee have been characterieed in meoet human and
animal tieeues, rabbit skeletal muecle protein kinase being the
moet exteneively etudied, Thie enzyme wae Tound to be compoeed of
two componente when ieolated by DEAE cellulose caolumn chromatography.
These two companents (Peak I & 1I) were bath cANMP-dependent
(Reimann et al, 1971). Peak I was further separated into two
eubunite by eucrose deneity gradient centrifugation with
sedimentation coefficients of 6.85s and 5.25e¢ (Reimann et al,
1971; Corbin et al, 1973a), The 5,258 component was further
eaparated on sucrose density gradient into two componente of
5.450 and 5.05e (Corbin et al, 1972a).

Each of theee companente wae found to be etimulated by cAMP
and dissociated into catalytic eubunite and regulatory eubunit.
The eatimated molecular weight of Peak I component (6.85e) was
123,000 and 76,000 for Peak II (Corbin st al, 1972a). The pH
optime for Peak I varied depending upan the substrate. A pH of
6.0 wae found to be optimum when cas&in wae used and of 6.5 when
histone was ueed. The enzyme activity wae increaeed 5 - 20 fold
upon addition of cAMP (Roimannii:._ E.}.! 1971). N92+ was suggested
to play an imp?rtant role in the activasion of the enzyme (though
the mechanism of thie iennot fully underetood) as well as complexing
with ATP in (Mg.ATP) form as a esubetrate for the enzyme (Huifing
& Larner, 1966). Protein kinaee containe two subunits (Gill &
Garren, 1970); catalytic (C) and regulatory (R) or binding
subunits, Ths regulation by cAMP ie repreeented by ite binding

to ths R subunits forming the complex cAMP - R with concomitant

- release of the free sctive L eubunite. ‘Thearaaction could be

repreeented ae:

P70 to i 5 ¢
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RC + I — >RCI
Where R is ths regulatory subunit. This complsx dissociates
to:

RCI —————> R + CI
When cAMP is prsssnt thesn ths iphibitor (I) will rsact with ths
fres catalytic subunit:

RC + cAMP ——>R.cAMP + C

C + I —> CI
However, the rsquirsmesnt of cAMP for ths activatiaon aof ths
snzyme is not always nscessary. Certain cAMP dspandsnt protein
kinases Ean bs dissociatsd and act indspsndently under certain
conditione, For sxample, ths cAlMP+«depsndant protsin kinass
preparad from bovins brain can dissoaciata:<independently in the

t al,

presence of an exogsnous substrats such as histone (miyamota
1971). Similar bshaviour was noticed for the anzyme dariQQd
from the Fabbit reticulocytss (Tao, 1972) and adipose cells
(Corbin et al, 1972b). Ths multiplicity of ths activatiaon
mechaniem aof the protein kinase is further complicated by the
possible existsnce of mors than ons regulatory subunit fer sach
catalytic subunit. One kind of subunit may be suppressiva far the
activity of the catalytic subunit while ths othsr may bs activating
(veda, 1971). Furthermore ths diffsrent affinities for the
regulatory subupits for cAMP makes the determination of dsfinits
leval aof cAMP which is requirsd in the cell for activation
difficult (Yamamura et al, 1971; Veda, 1971),

Howevsr, it was suggestsd that a modulator is pressnt
(Donnelly et al, 1973, a,b) that may be inhibitory in same cases
and activating in others dspsnding an the concsntration of the

eubstrate, cyclic nuclsotide, metal ions and nature and source

pP-70 fo/sg‘;
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R - C + cAMPo—_—__ >R - cAMP + C
- T—

The reaction is rqversible and the esquilibrium position may

be influenced by factors in the cell., .MgzATP complex was reported
to either bind tightly to the enzyme lowering its affinity for

cAnMP (Haddox et al, 1972) or it may facilitate the reverse reaction

(Brostrom et al, 1971).

Modulation of the cAMP Dependent Protein Kinase

The study of the mechanism of modulation of protein kinasse
activity led to gain in knowledge of the factors which influence
ite activity. The enzyme is ssensitive to pH change and ionic
strength. However, a heat stable protein was described to bse
a modulator of the protein kinase activity during the initial
studiss on the phosphorylase kinase activation (Gonzales, 1962).
This was purified 750 fold from the rabbit skeletal musclses.
This activity is destroyed by trypsin and it was found to be
stable to treatment by DNase, RNase and phospholipases, (Waleh
st al, 1971). Therefore it was coneidered to be a protein and

aleo aniinhibitor of the enzyme.

Mechasnism of action of the inhibiter

The inhibitor protein is able to interact with ths cAMP=-
dependent protein kinaee with sither the holoenzyme or the
dieeaciated catalytic subunit (c) depending ofi the preesnce of
cAMP (Aeby & Walsh, 1972, 1973 ). UWhen cAMP ie abeent from
the incubation mixture, the inhibitor (I) will react with the
holosnzyme (RC) to produce a complex (RCI) according to the

following equation:

P00 top s
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of the enzyme or the modulator itself. The binding ofF cAMP to

the ‘regulatory subunits was found to occur in a definite fashion
(Veda, 1971). A rapid, high-affinity binding reaction wae noted
first followed by a slow, low affinity, reaction. Storage of

the enzyme has effects on the subunit composition without any

effect on the dependencé with regard to cAMP (Rubin st &l, 1972);
while in some cases ageing of the enzyme resulted in the dissociation
of the enzyms subunits with concomitant loss of the cAMP-dependsent
stimulation (Pierre & Leob, 1971).

The formation of the catalytic inhibitor complex and the
holoenzyme~inhibitor complex were detected by sucrose density
gradient ultracentrifugation (Walsh & Ashby, 1973 ). According
to these observations the interaction of the inhibitor with the
holosnzyme in the absence of cAMP did not occur, i.e. RCI wae
not formed and the diseociation of this complex did not, therefore,
take place. This was further evidenced by the observation that
the inhibition of the enzyme occqrrad upon the addition of
different concentrations of the free catalygic subunit to the
incubation mixture containing the holoenzyme and the inhibitor
without cAMP, This indicates that the fres catalytic subunit
activity was inhibited by the free I and not by forming the
RCI complex (Walsh & Ashby, 1973 ).

Protein kinase of erythrocyte membrane

The membranes isolated from normal human red cell exhibited
the ability of endogenoue phosphorylation (Guthrow;gg'gl, 1972).
The protein's bands II, III and IVc were found to be labelled
with °2p as a result of this endogenous phosphorylation (Guthrow

8t al, 1972); Rubin & Rosen, 1973; Roses & Appel, 197&l. The
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localieation of the enzyme protein kinase wae investigated and

it Qea found to be located at the internal eurface of the membrane.
These findings we£9 eupported by etudiee which compared the
acceseibility of thie enzyme with other membrane enzyme mafkers

in intact red cell as well as impsrmeable ineids-out and right
eide-out veeiclee prepared from erythrocyte membrane.

It was found that both the binding and catalytic eubunits
are loceted at the inner surface of the membrane (Rubin.ggigi, 1973).
Moet of the catalytic eubunit wae extracted from the membrane
using high ealt concentration while the cAMP binding subunit
remained bound to the membrane (Rubin st al, 1972)., Thie
euggestsd that the protein may be firmly integrated in the
membrane.

The protein IVc hae been claimed to be the cAMP eubunit
(Guthrow st al. 1973).

Abnormality of protein phosphorylation in erythrocyte membrane
wee shown to exist in certain dieeases. Rosee & Appel (1973b)
found thet the rate of endogenouee membrane phoephorylation was
decreased 50% of normal in myotonic muecular deetrophy. Also
in congenital haemolytic anaemia, a defect in membrene protein

phosphorylation wae reported (Greeoguist & Shohet, 197y).

FORMATION OF cAMP

Since cAMP is an importent regulator of many cell functions
and eince it ie required for the control mechanisms of certain
protein kinase activitiee, formation of this nucleotide and the
esnzymes involved in the regulation of its metaboliem is briefly

described, 3!, 5' - cyclic adinoeine monophoephate ie formed
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from ATP as shown in the following equation:

Adenyl cyclass
"ATP > cAMP + PPi

Ngz+

4,2,1 Metabolism of Adenyl Cyclase

Two enzymes are invplved in the metabolism of cAMP.

1. Adenyl cyclase

This enzyme catalysses the formation of cAMP and requires
mg>" or Ma’’ for full activity (Rall & Sutherland, 1962). This
enzyme wae found to be lacking or immeasurably low in mammalian
red cells (Sutherland et al, 1962), although the avian nucleated
erythrocytes do contain measurable amounts of this enzyme (Roeen
& Rosen, 1969). Studies concerning the localization of this
enzyme in the nucleatsed avian srythrocytee suggested that it ie
in the cell membrane (Rosen & Rosen, 1969; Davoren & Sutherland,
1963). The active eite of this enzyms was also shown to reside at
the ipner surface of the membrane (@ye & Sutherland, 1966),
Adenyl cyclass is atimulated by high concentrations of fluoride
5 - 10mM (Rall & Sutherland, 1958). This stimulation could not
be obeerved at early stages of developmsnt and the fluoride wae
thought to be inhibitory at these stagses (Schmidt.g£|gi, 1970).
The reason for the teverse action of this ion is not known.

2.  Phosphodissterase

This enzyms wae first obssrved in heart, brain and liver
tissues and had the ability to destroy the activity of cAMP by
hydrolysis (Sutherland & Rall, 1958).

phosphodiesterass

cAMP > 5%~ AMP

Mg2+
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Ngz+ was found to be important for full activity of the enzyms,
while caffein and theophylline strongly inhibited the activity
(Butcher & Suther;and, 1962). The inhibition by theophylline

was found to be competitive (Butcher & Sutherland, 1962) while
that for caffeine was non-competitive (Nair, 1966)., The Km valuas
of phosphodiesterase differe from one type of tissue to the other

4

and it was found to be 10" cAMP in the heart (Butcher & Suthsrland,

1962) and slightly higher in the brain (Cheung, 1967).

4,3 HORMONE RECEPTORS AND cAMP AS A SECOND MESSENGER
Certain hormonee are sither closely related to or part
of the adenyl cyclase system. The hormone-receptor interaction
may be stimulatory or inhibitory to the enzyme adenyl cyclase.
This will reflect the change of level of cAMP, The cell raesponds
to this change and a physiclogical svant takes placs. Glycogenolyeis
in muyscle is a good example for thie sequence which is represented

in fig 4.2.

Stimuli

N 4

Endocrine

gland

N 4

Hormone .

a Cyclic 3' , S5'-nMP
( First messenger )

( Second Messenger )

Enzyme Activation
Pormenbility chango ntc.

Fig 4.2 Diagramatic representation of second messenger cencept.
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Therefore the hormones carry the information to the cell thus
acting as a firet messenger leading to changed leval af cAMP
which acts as a second meesenger in carrying these informagions

to parts of the cell concerned with a epecialised Punction.
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SECTION S

5.1 AGEING OF THE RED CELL

The average life span of the normal red cell in the circulation
is 100 - 120 days. After this period the cells aras squestersd
by the spleen due to changes in their viability, structure and
metabolic activity. Th; reasen for thees changes is not known
yet. In order to fully understand and charactériza the
biochemical and biophysical features asepciated with thess
changses, many attempts wers carrisd out to spparate the old red
cells from the heterogsnous population of cells in the circulating
blodd. The ssparation was achieved firetly by high speed or
differential centrifugation bassd on the fact that the densities
of the old cells ers greatsr than the young cells, (Garby & Hjelm,
1963). Therefora the layer at the bottom of the centrifuged
tubes are the old cslls and the top rspresent the young celle
(Garby & Hjelm, 1963; Valeri & MacCollum, 1965).

The use of density gradient csntrifugation has rsvealed better
separation of the cells into digtinguishable laysrs according
to their ags, (Piomsllis st al, 1967). Ase mentioned above, the
cells undergo easveral elterations as they proceed in age in the
circulation. Thess changes could be summarized as followes

Sele Phyeical altsration

The physical and mschanical propertiss of ths red cells
and their membranss change as the celle ags. Thase propertiee
aras represented by changes in the surface area to volume ratio,
the flexibility and elasticity of their membrane which allow the
céll to conform to variable shapss during their paesage through
the capillsries of the micto circulation whoee diameter is lese

than the diameter of the individual call. The capability of the
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call to pass through these capillariee is entirely confined to
its deformability. The epherocyte, for example, is not capable
of paeeing through a narrow aperture due to the rigidity of

its membranae. This rigidity is due to decreased surface area/
volume ratio compared to that of the normal discocyta which allow
the expaneion and thinning of tha cell dutking its passage through
the aperture., The decreased surface arsa/volume ratio is dus to
loee of part of the mambrane, through microfragmentation, without
the lose of cell content during the lifs span of tha call, The
in vitro controlled microfragmentation of ths cell membrane without
the lose of haemoglobin was devalopad by La Celle (1972). The
deformability of the call after each fragmantation process was
measured and defined as the preesure rsquirad to cauee tha

calle to pase through micropipsette of certain diameter. The
amallaf tha pressure required the more daformabls the cell &s and
easier paseage ie achievad. The surface arsa and volume were
measured also after each fragmentation procees. Tha celle
acquired the spherocytic shepe accompanied by greater presaure
raquired to causs them to pass through the aperturs.

In vivo these epherocytsee ara incapable of passing through

the capillariss and soon thay will rupture and be equestred by

the eplsen. The dacreaes of the surface area/volums ratio of the
old cell was demonsetrated and feffered to fragmentation as well

as thickéning of the cell membrane ae examined by electronmicrosoopy,
(Bretcher & Bessie, 1972),

The oemotic fragility of the celle ie increaesed with increasing
age agd cells bacome mors vulnerable to haamolysie (Marke & Johnson,
1958; Danon, 1967). This increase of osmotic fragility of the
old cell wae shawn to bs dus to decreased intraceliuler levsl

of ATP (Weed, 1970).
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LiEid contents during ageing

'One of the biochemical alterations that occurs during
ageing of ths calllie the change im the lipid content of the cell.
The total lipid, phospholipid and cholesterol concentration wae
decreased in old celle compared to young cells, (uestarman.gs_gl,
1963; Van. Gaster st al, 1966). Although these authors have shown
that there is no eignificant alterations in the lipid and phoe-
pholipids content in the old and young celle when measursments
were taksn regarding ths surface area and volume of the cells,
The decrease was more significant on single cell lsvel, However,
the cellulsr cholesterocl levsl decreaeed in the old cells
regardlese of the measurements taken., The level of the celluler
choleeterol depende largsely on ite level in the plaema and wmany
studies using labelling technique havs shown that a rather rapid
exchangs of free choleetsrol betwesn the plasma and the cell eccury
(Ball.gg‘gl, 1972, Bell & Schwartz, 1971). Thie exchange procees
ie non-énzymic and non-snergy dependent although the pracise
moleander explanation for it is not available. The choleeterol
content in the rsd cell membrane and the dsgres of saturation
of the conetitusnt fatty acids ars vital factors in regulating
the cell permeability to various subetances, (Demel et al, 1972).
Thereforse a decrease in the choleseterol and other lipids may be
reeponsibls for the removal of the celle from the cirgulation
since they contribute to the membrane etructure and alteration
in their concsntration may lead to alteration in the membrane
integrity and epecific activities of the membrans bound enzywes,
gome of which have bssen shown to be aesociated with lipids.

The rate of uptake of lindlsate and palmitate end lyso-
phospholipids from the plasma into phospholipide in the celle or

their membrane has been shown to be variable in different age groups,
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h
(Uﬁfarbourn C. & Batt R.D., 1970). The mechanism involved in
the uptake of the free fetty ecids and lysophospholipide fram

the plaema could '‘be represented by this sgquation:

Thioki
Fatty acid + ATP + COA OFINA%8 o Acyl - CoA + AWP

: acyetreneferases
Acyl CoA + lysophospholipids = y ® erq.egg? phoepholipid

The varietion in the uptake of plaema fatty acid and lysophospholipide
is probably due to change in the epecific activity of the lyso-
phospholipid-specific-acyltransferese with age of the cell,

(Kohlschutter st al, 1968).

5.3 METABOLIC ALTERATION DURING AGEING

B5e3e1 The glycolytic pathway
The glycolytic pathway provides the major eource af ensrgy

vital for the survival of the mature erythrocyte in the circulation.
Activities of certain enzymee of this pathway appeared to be
decreased with e dscrease of ths overall rate of glycolyeis in

the old cell compared to young celle, (Bennett et al, 1966).

0f particular importence are'the snzymes which are normally prssent
in low concentration in the cell esuch as phosphofructokinass

(PFK) end hexokineee (HK) and are rate limiting in the controal

of glycolyesis. The HK is a non-specific enzyme which catalyses

thse phosphoryletion of glucose or hexosesto glucose -6- phoephate
or hsxase-6- phogphete; it is inhibited by ite product end activated
by ATP, or rather Mg-ATP (Rapopart, 1968). Four-fald decrease

in the activity of this enzyme was estimated with increase in age,
(Chapmann & Schaumburg, 1969), This decreese may lead to a

decreases in the rate of glycolysie end hence a decreaes in the
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viability of the cell which leads to remaval of the cell from
the circulation,

The_pentose phosphate pathway (PPP)
The activity of giucbse-ghosehate dshydraganase QGGPD}

This enzyme ie 'rate limiting in PPP, It catalysee the first

step in this pathway by conversion of Jlucose -6~ phosphate
(G-6-P) to 6-phosphogluconate (6-PG) and ultimately reduces )
ﬂAD§+ to NADPH which ‘is subsequently uesd to reduce GSSG to

GSH - by glutathione reductaes, It aleo acte as a coenzyms for
meth. jaemoglobin reductaee (diaphoraee II) which #sduces the
oxidised haamoglobin,‘methaemoglobin. Therefore, G-6-PD protects
the cell:fram oxidatidn. Decrease, or deficisncy, of thie enzyme
render the cells to haémolyeia in the presence of oxidants (e.g.
H202 which accompanies phagocyfoeia by leukocytes), due to
oxidation of cell contents (e.g. hasmaglobin, glqtaﬁhion etc,)
and peroxidation of the membrane lipids. The thyroid hormons
thyroxine and the peroxide ' radicals were euggeeted to be involved
indirectly in the ageing process of the red cell due to the
increassd sensitivity of theee celle to toxification by oxidants

(walle ot al, 1976).

THE RED CELL DESTRUCTION

The biochemical and metabolic alteration accompanying the
red call ageing procese leads eventually to the eenescence and
destruction of ths cell. The reticuloendothelial system of the
splesn is the major site for the destruction of the ecenescenced
cell, The spleen mainly carriss out the destruction although
under certain conditione (such as that of increased rate of deet-

ruction of the cells) the liver may participate in performing
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this function also. The exact mechaniem of the destructionof
the red cell is not fully understooil.

The pathway of destruetion of the red eell include asmotic
lysie and perforation of the red ecell membrane iaading ta loas
af haemoglobin and other macromolecules. Also, fragmentation:
of the cell and phagucyfoais of erythrocytes (by phagocytic calls
of the reticulesndothelial system) play an important part.

Osmotic lysis

The increased permeability of the red csll membrane associated
with the ageing procees resulte in dieruption of the catian
gradient., Water will enter the eell leading te ite ewselling
and hencs expanding the poraes in the cell membrane., This will
allow ths haemaglobin and other s#acromoleculss to leak out of
ths cell,

Perforation of the cell

This could be due to a defect in the membrane aliowing the
leakage of haemoglobin and cell contents without disruption of
the cell'e ianic gradient,

Fragmentation

Thie occurs due to loss of small piecse af the membrans
from the cell eurface. These pieces may or may not contain
haemaoglobin and thesBasmoglobin loss may not occur.

When fragments are small (Rand, 1964), extensive fragmentation
will lead to decreased area/%oluma ratio resulting in spherocytosis,
The fragmentation process is also accompanisd by dscrsassd
dlformabi;ity of ths red cell membrane which interferes with the
ability of ths csll to pase through the microcirculation and

hsnce ssquestration occurs.
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B.4.4 Erythrophagocytosis

This may occur intravascularly, i.e. the red cell may
be removed from the circulation directly by phagocyloseis of the
monocytes in®the circulation, or it may take place extra-
vascularly, e.g. antibody coated erythrocytes (Lo Bulgio et al,
1967). It may aleo ocecur in drug~-induced haemolytic anaemia

(Croft st al, 1968).
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SECTION 6

THE HAEMOLYTIC ANAEMIA

Haemolytic disorders are aesociated with abnormally eheort
survival of the red cell in the circulation and --- early
deetruction by the spleen. This abnormality could, in certain
conditions, be compsnsated for by hyperactivity and increased rate
of erythropoiesis. When this compeneation can not be achieved,
due to increaeed rate of destruction compared to the rate af
erythropoieeis, the lewel of hasmoglobin in the circulating blood
will be decreaeed and an anaemia develop. The haemolytic anaemiae
ére claseified accotding to the type of abnormality, whether it
ie intrineic to the cell, i.e. dus to abnormal haemoglobin ayﬁthaaia
or abnormal membranee, or it is extrineic arieing from abnormality
in the surrounding environment, e.g. plaema or in tieeue external
to the red cell, ae in certain drug induced abnormalitiee. The
former type of abnormality represente the hereditary haemeolytic
anaemia, while the latter repreeente the acquired haemolytic
anaemia. In the following an intrineic haemelytic anaemia, known

as hereditary epherocytoeie, ie discuseed.

HEREDITARY SPHEROCYTOSIS (H.S.)

This is an inheritable dieease associated with epherocytic
erythrocytes with increased osmotic fragility. The abnormality
ie thought to be inherited ae a eingle dominant gene (Race, 1942),

The celle are microspherocytic under the light and electron
microecope compated to the biconcave shape of the normal red cell.
The celle appear *thicker’ and take more intense etain than normal

cells. The surface area of the RBC is smdller compared to the
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normal cells, although the volume is not vsry different from
normal. The excessivs Na' gain  compared to K- dess. and conssequent
gain of water leading to swelling are characterietic of the
spherocytic cells (Selwyn & Dacie,1954). This lose waa observed
when normal cells were stored in a sucroes free medium either at
37 or 4 C (Harris, 1941). These findings led to ths suggeetion
that a defect in the cation pump of the red cslls membrane in
patiente with hsreditary spherocytosis sxists (Jacob, 1964),

Aleo, an abnormality concerning glycolysis was sought, since ATP
is the ensrgy sourcs of ths cation pump. A dsfectivs phoepﬁorylation
of the glycolytic intermediatse by ATP was suggssted (Tabechian
st al, 1956) although this has not been confirmsd. Furthsrmore,
the levsl of the glycolytic intermediates and ATP wae reported

to be normal (Shafer, 1964), The ATP levsl decrsased mors rapidly
than in normal cells in the absencs of glucoss (Mohler, 1965).
Several snzymss of ths glycolytic pathway havs been assayed and
also found to be normal (Tanaka et al, 1972), eliminating the
poesibility that the @lefect is dus to defficiency of a glycolytic
enzyme.,

The attention was drgwn to the poesible defect in the membrane
components of the epherocytes since no defect was detected in the
cell "cytoplasm', Ths lipid contents of the cell membrane were
studied in cells from patients with hsreditary ephere®ytoeie and
significant defficisncy from ths normal was fcund (flesd& Swishsr,1866)
Fragmentation of ths msmbrans was suggested (Sslwyn & Dacie, 1954)
whsn the cslls swell after 24 hrs of incubation under sterile

conditions. This wae followdd by a dscrsase in eize with coneiderable
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haemolyeis during the second 24 hrs of incubation. The lose
of }ipide in the spherocytes wae more rapid compared to the normal
celle incubated under the same conditions (Prankard, 1960a).
This was further confirmed by Jacob (1967) and Reed & Swisher
(1566). These authors, however, did not explain the reason’ ‘or
the rapid lipid toss in the spherocytes. The lipids were lost
in quantities proportional to their concentration in the csll
membrane (Reed & Swisher, 1966) suggeeting fragmentation of the
cell membrans leading to smaller surface area/volume ratio. The
fragmentation process was shown to occur by microscopic tschniques
(Wead & Weies, 1966; Weed, 1966),

The increased osmotic fragility may be explained by the loss
of the membrane fragments as there ie lees membrane into which
the celle can swell bsfore a critical rupture occurs. Howsvser,
the groes lipid loss from membranes of the red cells from patients
with hereditary epherocytosis does not explain the baeic genetic
abnormality. Therefore, an abnormality in one or more proteins
in the cell membrans was suggested (Jacob & Karvnovsky, 1967).
The protein epectrin was amongst theoss which were studied in
the H.S., This protein formed microfillamentous network . at the
inner surface of the red cell membrane after the addition of N92+
ions and ATP, (Marchesi & Steers, 1968). The aggregation and the
consequent formation of these miprofillaments could be detected
by ultracentrifugation techniquee. This sggregation is detected
by the increase in the eedimentation rate of the aggregated
protein. The epectrin, axtracted from noxmal and H.S5. red cell
membrane were examined by thie technique. Jacobe and coworkers

(1971) observed that when cations were added no changs in the
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eadimentation rate of the protein extracted from H.S5. membrane
was obeerved as it vas observed in normal protein (Jacob st a1,
1971). Further, analysie by the same author showed that this
pattern ie changed in some patients and that spectrin from H.S.
membrane eediment in two peake, one of which is eimilar to that
of the normal, whicn repreeented the aggregated part of the
protein, while the other peak represente the non-aggregated part,
(vacob, 1972).

These observatione were further supported by the use of other
techniquee euch ae gel electropnoresies (vomperts et al, 1972)
which suggested a genetic défect in this protein in patiente
with hereditary spherocytoeis. However, fha resulte did ﬁot
appear to be coneistent. 1he effect of certain druge on this
protein was also studied. Antimitotic drugs 8.g. vinblastins
colchicine and strychnine, are known to reverseibly denature and
precipitate the microfillamentous proteins from which the mitatic
spindle ié formed (inarantz et al, 1969; Wilson gt al, 1970). A
microfillamentous protein spectrin is also precipitated by thees
drugs. The extent of tiie precipitation was examined on extracted
protein from membranee of normal and H.S5, celle (Jacnblégigl, 1971).
Moet of thie protein of tlie normal cellrmembrane wae precipitated
while significantly less precipitated from the protein from H.S.
membranee. The characterietic features of the antimitotic druge
ie their ability to traneform the normal red cells into character-
ietic ehape of H.S5. cell (Jacob, 1972). Short exposure of normal
celle to theee druge leade to increased activity of the (Na+ + K+)

pump witn concomitant increaee in tne glycolytic rate. [he csll
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rigidity seemed to be altered as examined by the filtrability

of the cell according to Teital (1964) tschnique. Prolonged
incubation of these cells led to formation of microspherocytic
cells (Jacob, 1972), Ultrastructural studies of the drug-

treated normal cells 9hoyed that invagination of the membrane
occurred following the fusion of the opposing edéee of the
invagination and with consequent relsase of ths invaginated
fragmsnt inside tne cell (Jacoblgg.gl, 1972). These obeervations
were confirmed quantatively by radiolabelling of the sextracellutar

fluid (Ben-Bassat et al, 1972).
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EXPERIMENTAL
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SECTION 7
2+ 2+
Te1 THE (Ga”" + Mg” ) - ATPase OF THE RED CELL MEMBRANE

The active transport of Ca2+ ione from the red cell and the
existencs of a (Cé2+ + N92+) = ATPase snzyms activity has been
demon#trated by sevseral workers (Coffray‘ggigi,-IQSG; Herbsrt,
19563 Dunham & Glynn, 1961). Csz+ was found to be stimulatory
at low level and inhibiiory at high levsls (Wolf, 1970).
Monavalgnt cations wers also shown to be stimulatory at certain
lsvels (Wolf, 1970); Shcatzmann & Roesi, 1971). These authors
have shown that this enzyme may rspresent a part of an snergy-
dspsndent eystem which actively extrudes Ca2+ ione from the
csll to maintain low tevel of this cation inside ths cell.

The enzyme (Ca2+ + Ngz+) - ATPase exhihite both high and
low affinitiee for the substrate ATP (Wolf, 1972). It is not clear
which part of this enzyms is involved in the Ca2+ transport.

Association of this snzyme activity with thse fibrillar
protsins of the red cell membrans was demonstrated (Dhnisgﬁ, 1962;
¥ins & Schoffenick, 1966; Rosenthal st al, 1970). The Ca@ -
ATPasse in general are discussed further in section 3. In this
saection the activity of (Ca2+ + N92+) - ATPase of the red csll
membrans is inveetigated. Since the radioactively labslled
eubstrats AT 32P was not provided, a method for the synthesie

of this substrats from 32P ie described.

7.2 PETHODS

32
7¢2.1 Syntheeis of /v -~ P/ - ATP

A carrier frss 32P inorganic phosphats in dilute HC1l wae

2

used: the AT3 P wae eynthesiesd by the modification of the method

of Post and Sen (1967). The specific activity was 33 Ci/mg.
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The reaction was carried out in the fume-cupboard in the
same vial in which the 32P was supplied. Fig 7.1 shows a
simplified diagram for the experimental eet up., A long Yale
nsedle (21G2) was inserted carefully into the rubber seal of
the vial and pushed until it wss in contact with the solution
in the vial, Anothsr short neadle (20G2) was inserted which did
not reach the level of £he solution in tha vial and this acted
as an air vent., The cancentration of H' ions was calculated
from the value of pH stated on the vial and for each mole of
HEl, 1.5 mole of tris was required for neutrslisation. A
solution of tris was prepared so that each 5Cyl contained exactly
that amount of trie required to neutralize the vial, Using 1ml
syringe 50ul was added to the vial via the long needle and the vial
was swirlsd gently, After neutralization of the solution,
0.5m1 of & co-factor solution wae injected into the vial. The
co-factor solution contained (in final concentrations) 4mM Naz
EDTA, SmiM NapyATP, 1mM Na2 ADP, 5.0mM 3-phoephoglycerate and
0.2mM NAD., This wae followed by addition of 0.5ml of tris/HO1
(pH 8.1) and 2yl of B-mercaptosthancl was added followad by
1049 of phosphglyceric kinase and 30ug of phoaphoglyceraldehyde
dehydrogenase. Finally §0il of 0.1M 8gCl, was added and the
vial was swirled several timss to eneure complete mixing of the
reagénte added, The vial was incubated at 37°C for 10 min
and swirled again in order that tha solution touched the tip
of ths long needle, The needle was then withdrawn gently and

the tip was shaked in Sml of D.1mM KH,P04 in 5% TCA and then

2
dimcarded. 1041 aliquot of this.sclution was taken for counting
in 10mls of scintillation fluid and to the reet of the solution
0.8gm of charcoal was added. The tube wae left at room temperature

for 20 min with occadional shaking. Thie wae then centrifuged

for & min in MSE Mistral 4L osntrifuge and the supsrnate filtered
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through Whatman No. 1 filter paper. Aliquots were taken from
the filtered supernatant and counted as before and the ratio of
the counts after and bafore the a&dition of the charcoal was
calculated, If this ratio was less than 0.5 then the reaction
wae terminated at 30 - 35 min of incubation by suspending the
reaction bottle in boiling water bath for 3 min and allowing

to cool at room temparature; otherwise the faaction was left

to proceed until a ratio of less than 0.5 wae obtained.

Column _chromatography for AT 2P

Since the column chromatoqraphy method wae uead both in the

purification of the ATSZP and for aseaying for 32Pi liberated

in the (Caz+ + Ngz+) - ATPase experiment it is important to measure

the efficiency of the column in the recovery of the 32P hydrolysed

by the enzyme (Ca2+ + N92+) - ATPaese of the red cell membrame.
Different types of Dowex columns wsrs uesd but 1% was found

that the type AG-X+}s«B (quartesnary ammonium) was the most suitable.

The resin (S5gm approximately) was washed with 100 mls of 1M HCL

for two minutes and thsn washed several times with distilled

H20 until the pH was in the range of 3 - 4, A piece of glass

wool was added to the bottom of a small column (5ml plastic

syringe was convenient) and the column wae fixed in a vertical

poeition. The resin slutty wae thsn poured in carefully and

(for trial experimente) 0.2ml of AT Zp (2 x 106cpm) vas added to

the top of the column. The column was then eduted with 25ml each

of 20, 200 and 500mM HCl, ©5ml fractions were collscted.

Aliquots were taken from sach fraction for 0,0 determination at

259 nm ae well ae for ths radicactive eetimation of the eluted

free 329 and AT32P. External quench correction wee applied by
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spiking each vial with 103 dpm of AT32P aftsr sach determination
and counting again., Fig 7.2 shows the peaks of elution of

32p as well as AT 2P ae sstimated by the 0.D readings of the
fractions at 258nm and the radioactive estimation. It is

noticed that at HC1l concentration of 20mM HCl, the 32P was

eluted first fpllowed by ths elution of AT32P at concsntration

of 500mM HCl. The rscovery of ATP was also calculated as
psrcentage of the cpm added to the top of the column and that re-
covered in the fractions. As shown in Table 7.1 88% of the
radioactivity was recovered. The phg?z?ate peak was aleo detected
by the aeplormetric msthod of BuginskIL(lQE?) for determination of
inorganic phosphate. A small amount of AT32P recoversed from the
fractions with absorption at 259nm was hydrolysed at 100°C in

1M HCl for 7 min and the samples rsapplied to fresh dowex columns.
The purity of AT32P was furthsr sstablished by paper chromatography
on Whatman No.l paper in ieobutyric acid; water; ammonia (0.88);
EDTA (37 /1) (580; 280; 21; 8). Cold ATP was added as a tracer.
The spots were viewed under U.V, light. Two spote were generally

obtained 6ff ATP and ADP. The ATP fraction contained bstween

92 - 95% of the radioactivity.

Te2e3 Recovery of 32P by the charcoa{/belite mixturs.

A mixture of 4gm each of activated charcoal/belita wers
suependsd in 100ml of D.1!N HCl made in 5mM phosphate eolution.
The mixture was etirrsd constantly on ice. A stock eolution of
*2p was prepared by the addition of 2uCi of 2P (S.A.=-SCL/mM)
to 10ml of 50uM ATP (in tris salt) pH 6.8. Aliquots of 100 « 500 pl
of this stock were added to 1.25ml1 of 60mM hiétidina/imidnzula

buffer (pH 8.0) and the volume was completed to 2.5ml with water,
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1ml of charcoal/celite mixture wae added to each tubs and shakan
immediately. All tubes were kept in ice bath for 30 min with @
occasional etirring and then centrifuged at 2000 rpm far 10 min
using MSE Mietral § refrigerated centrifuge., 10Cul aliquots
from the supernatant were*taken in 10ml of ecintillation fluid arid
counted in Intertechnique SL30 scintillation counter.

In-eome experiments 32P wae replaced by AT32P which was
slightly hydrolysed. JuCi of AT32P (specific activity; 2.1 mCL/hﬂ)
wae added to 10ml of 50uM ATP pH 6.8 and aliquote of that were

taken in histidine/imidazole buffer ae deecribed abovae.

Praparation of the red cell membrane

The procedure of membrane preparation was carried out at
4°C. Human blood taken in CPD ae anticoagulant was uesd. The
blood was euepended in twice its volume of ieotonic ealine (0.15M)
and centrifuged at 1500 rpm (2000g approx.) in MSE Mistral 4L
centrifuge for 5 min. The supernatant wae aepirated and ths
white buffy coat removed with ae little red cells as possible.
Thie ecentrifugation procedure wae repeatad thres timee mnd the
packed cells were hasmolyeed in 10 timee its volume of hypotonic
phoephate buffer (5mM, pH8). The haemolyeate was cantﬁifugad
at 15000 rpm ( 166000 x g) using Sorvell centrifuge and rotor.
The esupernatant wae aspitated ae wae the small packed sediment
in the bottom of the tube undernsath the ghoets which consist
mainly of WBC., The ghoste ware suspendsd in ths same haemalysing
buffer, mixed gently and recentrifuged as above. This procsdure
wae repsated three timee, or until a pals pink or cream colour of
ths ghoete was obtained, Ths ghoste were suyependsd in SmM phoephate
buffer (pH 8) to give protein concentration of 3 - 4 mg/ml and

stored in emall aliquote at -20°C until reguired.

]
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72,5 Meaeuremsnt of (Ca2+ + Ng?+) - ATPass actiwity

. The activity of the (Ca2+ + Ngz+) - ATPase wae exprasead
ag the amount of the inorgenic phosphate releasad due to the hydrolysie
of the terminal phosphate of the eubstrate ATP by the membrane
bound enzyme. Tha radicactivity labellad (v - “2P) ATP wae
used ae eubstrate and the inorganic phosphate 329 was determined
by scintillation counting.

Accurate determination of the concentration of the frae

ionised calcium inside the cells could not be achieved, particularly
at low levels due to the presence of contaminating Caz+ ions.
Theraefore at theee levels EGTA wae ueed to maintain conetant

concentration of calcium ions during the expsriment.

Te2e6 Preparation of the Ca-EGTA buffer

Hietidine/imidazole buffer (pH 8.0) containing 0.1 mg/ml
ouabain and 0.5mM" EGYA was used. The concentration of EGTA and
the total calcium concentration was adjueted to give the required
fres Caz+ concentration. The concentratione were calculated
according to Portzel st al, (1964). The following equation was

Gsads

ok = ZEGTA - Ca/
L[€eciA/ x [cd/ free

Where DK is the dissociation conetant of the Zrta - EGTAJ7
complex and ZTEGTQJ7 is the concéntration of fraee EGTA, zrbazﬁJ7
free is that of free ianised calcium. Since DK, / EGTA_/ and
total ZrbaziJ7 ie known, the value of zrbd%:7 free can be obtained
roughly. This value is reussd in the corrected equation and

another value is obtained. Thie procedure is repeated until a
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constant value for [Ca 2"_7 free is obtained.

7e2.7 Aeeéy for the activity of the (Caz+ + N92+) - ATPase was carried out

at different time intarnﬁle for up to 60 min. The final volume
of the reaction mixture was 2.5ml. The fipal incubation mixture
contained the following:-

30mM histidine/imidazole buffer pH 8.0

0.1mg/ml ouabain

0.5mM EGTA

0.2mM ATP (Tris salt)

5mM l'lgl:l2

0.2mM CaCl, (total concentration)

0.1M choline chloride

The membrane samplee were thawed, euspended in 0.1M choline
chloride and centrifuged at 15,000 rpm. The pellet wae reeuspended
in 0.1M choline chloride to original protein concentration. The
tubes were preincubated for 5 min at 37°C and the reaction started
by the addition of 0.5 - 0.2 mg of membrane protein. The tubee
were incubated for the time period required and the reaction
etopped by transferring the tubes to ice-bath and immediately
adding 1ml of 4% charcoal/celite in 0.1N HC1 from a beaker
conetantly etirring the slurry. The tubes were shaken and kept
on ice for 30 minutes with occasional ehaking. The tubes were
centrifuged for 5 min at 1500 rpm in MSE Mistral 4L centrifuge.
Aliquote of 50 ul from the supernatant were taken for counting
(for the amount of 32P incorporated in the membrane), in 10 ml
of ecintillation fluid (dioxane cocktail) ueing Intertechnique
SL30 scintillation counter., Tris-ATP was prepared by cation-

exchange chromatography of Naz-ATP.
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The pH profile

.The optimum pH value at which highest activity of the

32+ + Ngz+) - ATPase ie.obtained, was invsstigated. In this

(c
experiment the pH of the buffer was adjusted at incubation
temperature (37°C) with the imidazole to values of 6.2, 6.6,
7.2, 7.6 and 8.0, The aétivity was meaeured for 10 min ase

described in section 7.2.7. Ca2+ in concentrations of 0.0S,

0.1, 1.0 and 2,0mM were used,

Different concentrations of ATP

In theas experiments varying concentrations of ATP were used
and the Km of the enzyme was determined. The incubation conditions

being the same as above,

Influence of monovalent cations

The possibility of the existence of different Ca2+ - ATPase
according to the preeence of monovalent cations was tested. To
the incubation medium 0.1M of either NaCl or KCl was added and the
activity was measured as described previously for up to 30 minutes
of incubation. Equivalent amounts of choline chloride werse omitted

in order to maintain conetant ionic etrength.

Use of inhibitors

The effect of ﬁhe inhibitors, ruthenium red and lanthanum
chloride wae tested. Tha aseay for the (Ca2+ + Ngz+) - ATPasé
was carried out as described above in the presence of 0.2mM CaCl
and different concentration of the inhibitor. The Buffer contained
no ouabain or EGTA. The effect of the inhibitor on the (Caz++ Ngz+)

- ATPass at different Caz+ concentratione wae also teeted, The

ruthenum red solution wae filtered bafore ues,
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7e3 RESULTS AND DISCUSSION

Te3a1 The eyntheeis of AT32P

The vy - 32P-l§halled ATP wae synthesised ae deecribed previouely
and purified from contaminating unincorporated 32Pi as well ae |
32P labelled reaction intermediatee by chromatography. The
ef ficiency of the Bowex AGl-x-8 used wae teeted. Thia was done
by meaeuring the 0.D-at 259nm of the fractione eluted using pure
ATP eamplese., Aleo known amount of AT32P (1 x 106 cpm) was
heated in IM HC1l in boiling water bath for 7 mine. The hydrolysed
ATIZP was then rechromatographed using eimilar column. The
column wae eluted with different concentration of HCl ae previously
described and fractione were collected. Aliquote of sach fraction
were counted and ae it is shown in fig 7% 2all the radioactivity
appeerad in the 2P fractions. This method shows that the AT32p
is completsly hydrolyeed by HCl and it containe 32Pi only ae a
contaminant which elutes before the AT32P iteelf, However, the
amount of 32P incorporated in ATP when thie method was employéd
varied between 39% to 84%. Other Bowex raesins wars used such as
the typee AG 3#X-4 polyamire and the AGl-8-X polyamins. The

type A-G 1-X-8 quatenary ammonium was found to bs more

eatiefactory and provided a good eeparation of the 32P and the

ATp peaks, (see Fig 7.2).

Telde2 Eetimation of 32Pi by charcoal{celite mixturs

Using miniature Dowex columns for a large numbsr of
experimental eamplee wae found to be troubleesome.snd time
coneuming. Therefore the charcoal/balite mixture wae used
inetead, The activated charcoal epecifically binde AT32P only,
the 32Pi being measured in the supernatant. The charcoal/celitse

mixture wae mads in phoephate solution in order to eaturate the



~ 14
cpm in 100 1
sample from
- 12 each fraction,
o—0
T N =
D at = 10
289nn
*—o 0.8 - g
1
22
0.6_' B 6 b
1
hd (o)
0.4— e 4
¢ (o)
o0 o \./‘ o
T T 1 1 T T 1 T 1 T {
fraction:= 1 2 3 4 1 2 3 4 1 2 3
Elutioni= Uater 20mM HC1 S00mM HCL
A 8 C

Elution of a freshly synthesised AT32P sample on 5ml of Dowex Ag«l-x-B gaarterna:y ammonium) column., Four fractions of

Sml each cgllected. The column was loaded normally with 2 x 10~ dpm AT"°P. In this instance the loading was with
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Table 7.1 Recovery of 32Pi in the supernate of 4% charcoal/celite (2mM Na2HPO4) mixture for
test of linearity of recovery of Pi. Correction was made for the volume of charcoal/
celite in the slurry. Known counts of 32Pi were added to each sample. The.
experiment was repeated three times in duplicate. Mean of each duplicate value is shown.
Sample Total cpm Total cpm recovered in charcoal/ % Recovery % Recovery
No. in the sample celite supernate of cpm of cpm (Mean)
1 48,560 46,925 45,969 46,957 96.6:94.7:96.7 96.0 J
3
o 97,120 94,151 93,006 92,893 96.9:95.8:95.6 9.1 '
3 145,680 138,893 139,985 140,177 95,%;96.1:96.2 95.8
4 194,240 186,501 185,930 187,219 96.0;95.7; 96.4 96.0
5 242,800 228,205 231,724 229,186 94.0;95.4;%.4 9.6
Mean of all 95.70
= *

Readings + 13D 0.90



Table 7.2

Sample
No.

Recovery of 32Pi from (ATBEP + 32Pi) using charcoal/celite. The labelled ATP

contained approximately 5 to 10% of free 52
estimate. The experiment was carried out three times in duplicate. The mean

P according to the manufacturer's

of duplicate value is shown.

Total cpm Total cpm recovered in charcoal/ % Recovery % Recovery
in the sample celite supernate of cpm of cpm (Mean)
[}
: 3
24,307 1,909 1,914 1,931 7.9:7.9:7.9 7.9 .
48,614 3,481 3,513 3,590 7.2;7.2;7.4 7.3
72,921 4,891 5,269 5,312 6.7:7.2:7.3 7.7
97,228 7,211 7,401 7,411 7.4;7.6;7.6: 7.6
121,535 10,003 9,211 9,101 8.2;7.6;7.5 T.5

Mean + ISD = 7.5 % 0.01
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Total
Ca

32

non-specific binding sites on the charceal which may bind ~ Pi,

The cselite helpa a faeter sedimentation of the charceal and hence

32

only low spaed centrifugation is required., When “"Pi was added

and different aliquate wera counted, a linear reéovary was
obtainsd over a six fold range and the recovery was 95.7%

(t 0.9) ae shown in fig 7.3. When A732P + 925 yag added the same

linear response ovar six fold range in concantfation was

32

obtained as shown in fig 7.4. Alsao percentage recovery of =~ P

wae 7,5 (t 0.01) as shown in Table 7.1 and 7.2. This agress with

ths data quoted by the suppliers.

Preparation of the Ca-EGTA buffer ayetsm

1.0

O.8 A

0.6

0.4
0.2

0

Follewing the equation described in the methad, the

concentration of free Caz+ was calculated in the preeencs of

0.5mM EGTA., Fig 7.5 represents the calibration curve of free
Caz+ concsntration againet differsnt concentrationes of total
C82+.

¥ | T | \
108 1007 10, 10° 10% 1077
[C- qij FRQ

Fig 7.5 Calibration curve for EGTA buffer system
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From thie graph the corresponding total CaZ+ concentration
was obtained for the desired free Caz+ concentration, However,
the EGTA buffer eystem was not generally used for frese Caz+

concentration above 0.2mM,

Time course studiss

Time course experiments wers carried out by incubation-
of the rad cell ghosts for selected time periods under the
conditions described in the method. The activity of the enzyme
was expressed as ths amount of Pi hydrolyeed per mg ghost protein,
As shown in fig 7.6 the raaction was linear for ub to 30 min
followed by reducsd rate of hydrolysis reaching constant level
in the sscond half hour of the incubation periode. Ths incubation
time under thsse experimsntal conditions was chosen to be
between 10 - 30 minutee for the preceding experimente. The
hydrolysis rate is highsr than that obtained by Schatzmann &
Rossi (1971). One rsason for the low valuse ie probably due to
measurements of the activity after 90 minutes of incubation

(i.e. aftsr ths plateau is reachsd) in their etudies.

The pH profile

Experiments wers carried out to determine tre pH value at
which the maximum activity of the enzyme is obtained, Different
Ca2+ concentratione were used in the assay as shouwn in fig 7.7.
The pH valus for maximum activity at all Caz+ concentratione
waes 8.0, Values beyond this wsre not included in the sxperiment
since assays carrisd out for the alkaline phosphatass showed that
thie snzyme doae exhibit some activity, when histidina/imidazole
buffer was used at pH 8.2. This activity was increased further

when glycine buffer at pH 9.2 was used. Rega gt al, (1973) aleo
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Table 7.3

pH profile for (Ca2+ + Mg2+

of Ca2+. Each determination is a mean of six values using three
different normal membrane samples. The mean zero ZfCa2i7 value for
each pH was subtracted as background activity from each value of the

) - ATPase using different concentrations

determination made at a particular Ca2+ concentration. 1 S.D, is
shown of the resulting values. cholne Chloride wash us ommited .

2+

Ca Activity: pmole Pi hydrolysed per mg protein per hr. !
WMole oH 6.2 oH 6.6 pH 7.2 pH 7.6 pH 8.0 S
1
0.0 1.74 2.09 2.64 3.03 3.62
+(0.43) +(0.41) +(0.50) +(0.63) +(0.72)
0.5 1.06 1.14 1.61 1.42 2.55
+(0.35) + (0.29) +(0.78) +(0.72) +(0.86)
10.0 1.55 0.84 1.34 1.57 3.08
+(0.28) £(0.39) +(0.67) +(0.85) +(0.84)
100.0 1.03 0.78 1.51 1.85 1.15
+(0.42) +(0.32) +(0.81) £ (0.61) +(0.63)
200.0 1.29 0.70 1.32 1.69 2.79
+(0.31) +(0.44) +(0.65) +£(0.69) +(0.73)
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have shown that under these conditions the alkaline phosphatase
is activated, Howsever, under the experimental conditione used
in thie study, tﬁa alkaline phosphatase activity dose not

significantly affact the (Ca2+ + Ngz+) - ATPase assay.

Te3.6 Oifferent Ca-ATPases

2* , mg?") - ATPase which is activated

Apart from-the (Ca
at a wide range of Ca2+ concentratione, there appears to be
additional activities of this enzyme when Na+ or K ions ars
present in the incubation medium, Fig 7.8 shows that during the
time coursse of the experiment the (Ca2+ + Ngz+) -~ ATPase is
further stimulated by addition of the alkali monovalsnt cations
Na+ and K+. The stimulation of the enzyme by Natis greater
than by k*. This is not.inagreement with the resulte obtained by
Schatzmann & Rossi (1971).

These authors have sxcluded ths possibility that these
ATPasae can participate in the transport of Ca2+ across the cell
membrane because this etimulation occurs at fairly high concentration
of Caz+. Thersfore the low affinity part of the Ca2+-ATPasa only
axhibits thies etimulation by monovalent cations. Morsover,
Schatzmann & Rossi (1971) etated that the rate of the outward
movemente of Caz+ were not altered by the addition of K+ or Na+.
The poseibility that these ATPases play a role in the (Na+ + §+) -
ATPase or prabably are manifsetations of this snzyme is excluded
since ouabsin (a potent inhibitor of the (Na¥ + K') - ATPase
was present in the incubation medium at s final concentration of
0.1 mg/hl. OQuabain was ehown ta have no effect on the activity

2+ 2+ + 2

of (Ca2+ + Mg” + K+) -~ snd ( Ca Mg *. Na') - ATPasee
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ATPase ( O0=0 ).



Table 7.4

Activity of different ATPases in the presence of the monovalent cations.
Each point is a mean of 6 determinations + 1 S.D. Z—Ca2i7 = 1uM;
Z_Mg2i7 = bmM; Z_Ki7 = 100mM; Z—Nai7 = 100mM. EGTA buffer system was used.

Time AcTivity: pmole Pi hydrolysed per mg prote%n
+ + 2
(mins) Mg2+ Ca2++Mg2+ Ca2++ Mg2++ K" Ca2++ Mg~ + Na ~
5 0.0422 0.328 0.358 0.361
+(0.002) +(0.089) +(0.132) +(0.120)
10 0.062 0.401 0.710 0.880
+(0.009) +(0.099) +(0.150) +(0.182)
15 0.0789 0.776 1.053 1.299
+(0.013) +(0.130) +(0.261) +(0.300)
20 1.220 0.920 1.420 1.465
+(0.010) +(0.351) +(0.285) +(0.332)
30 0.224 1.389 2.258 1. 740
+(0.018) +(0.280) +(0.305) +(0.271)
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(Schatzmann & Rosesi, 1971). Thsse authors have also suggestsd

2 2+, K+) - ATPagss may

that (Ca2+ + mg°" + Na¥) and (Ca2+ + Mg
2+ + +

be a result of uncoupling action of Ca“ on ths (Na + K') =

ATPass, If that is trus thsn data presentsd by many authors

on the (Ca2+ + N92+) - ATPass activity msasured in the preesnce

of monovalent cation must bs correctsd for this exdese uncoupled

activity.

2+

Dstermination of ths Km valus of MgATP for the (Ca“  + Ng?+) - ATPass

The activity of the snzyme was measurad at different concen-
trations of the substrate ATP in ths preeence of 0.2mM Ca2+.
From Linweavsr-Burk plots as shown in fig 7.9, the Km values
were estimated to be 70 and 31CiMN., Theee values are in agreement
with that of Wolf (1972) which wers estimated to be 40 to 5C1M
and 440uM reepectively. The two values indicate the existence of
more than ons active site with different affinitiee for ATP. However,
the concentration of ATP ueed in the incubation medium for this |

study for (Ca2++ Ngz+)

- ATPase rangee from 1 - 2,0mM, thsrefore
the accsseibility of the enzyme to ite eubetrate is eneured,
Argument aroes that the trus eubstrate for the enzyme ie ths
complex (Mg.ATP) rather than ATP alons sincs N92+ is eesentisl
for the full activity of the enzyme (Wolf, 1972), Thsrefore
an:squal concentration of N92+ or more wae used in the assay

madium to allow eufficient Ngz+ for etimulation of the enzyms,

No EGTA or ouabain wae added to the buffer in thess experimente,
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Km values for ATP for (Cn"+ + N92+) - ATPasa., The Km values

wore found to bas 45 pM and 440 pM for ATP. Mean of three
different membrane samples.

Use of inhibitors

Ruthenium red and lanthanum chloride were used as
inhibitors for the (Ca2+ + Ngz+) ~ ATPase in the red cell ghostae.
The effect of ruthenium rod was tested by varying concentration in
the presence of 0.2mM Caz+ as shown in figi?.lU. The K, for
ruthenium red was D.4mM. UWatson et al, (1971) have ;hown that
90% of the (Ca2t + Mg2t) activity is inhibited by 6 x 10™°M
ruthenium. The effect of lanthanum at concentration of 0.1lmM on
the high and low affinity (Ca’’ + Mg°') - ATPase wae also
investigated. Table 7.5 shows the percentage of inhibition of

2+

the enzyme at Ca“’ concentrations of 0.05mM and 0,2mM.
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Fig 7,10 Inhibition of (Ca’* + Mg?*) = ATPase activity by Ru red.

Mean of three determinations (+ 15D shouwn).

Ruthenium red was, however, highly impure (20% impurity
gstimated by the manufacturers, see Luft,(1971). If was
filtered on whatmanr‘papar No. 1 before use. The mechanism of
inhibition of lanthanum and ruthenium is not fully understood
and both nf thesa inhibitors fail to block the part of ATPase
involved in Ca2+ ; tranaport. Several other inﬁibitors have

also been described (Wolf, 1973), but the effects of these on

Cazf transport is unknown.



- 101 =

Table 7.5 Inhibition of (Ca®¥ + Mg®') - ATPase activity

of red cell membrane in presences of ZmM
lanthanum. FEFach value is a mean of four
determinations. 1SD is shown.

/[ ca?t7 No La”t + omM La ' % inhibition
i
0.05 2.18 0.83 62%
+ 0.54 + 0.23
0.20 2.63 0.51 81%

+ 0.62 + 0.18
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SECTION 8

C82+ TRANSPORT IN INTACT RED CELLS AND MEMBRANE VESICLES

The molecular constitution of the biological membranes
differ from one side of the cell surface to the other, thus
accounting for its asymmetrical organisation. An approach to
the study of localisation and organisation of membrane component
is the preparation of intact membrane vesicles, with a particular
orientation, and to treat this with macromolscular (impermeabls)
probss.

Red cell membrane vesicles could bs obtained either with the

normal orientation known as the right-side-out (RO) vesicles or

with the intermal surface exposed to the outside hence called the
inside-out vesicles (I0). Steck et al (1970a)described a
procedurs for the preparations of the RO and I0 vesicles. The
vesiculisation was induced by suspension in low ionic strength
buffer. Gentleg homogenisation disrupted these vesicles. Dextran
density gradient centrifugation revsaled two bands in different
density zones. The difference in the densities of the vesicles
was thought to be due to the difference in charge density an
either sides of the membrane, (Steck et al, 197 ).

The RO have higher density than the ID due to high density
of sialic acid anions on their surface which was found to be
accessible to sialidase, (Steck et al, 1970a). However, when
Mg§04 was addad to the homogenate, a different pattern was
observed. An additional diffused band appeared containing a
mixture of I0 and RO vesicles. This was thought to be due to the
effact of the cation which caused a tight sealing of the vesicles

(Kant & Steck, 1972).
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'The mechanism of vesiculimation is. not fully understood
but it is believed that suspension of the membrans in low ionic strength
causes budding of the membrane either towards the outeide or
towards the ineide (endocytoeie) giving rise to the RO and IO
respectively (Steck & Wallach, 1970)e

In this section the transport of Ca2+ was investigated using

the I0 vesicle preparation. Since the active Ca2+ transpaoft
gite is located at ths inner surfacé of the membrane, these
vesicles were found to be ideal for providing full accessibility
of the enzyme active site to its substrate, Caz+ transport in
the intact rsd celle was also investigated ueing the fonophore
A23187. The ionophore was incorporatsd in the membrsne to allow

45082+ 2+

the loading of the cell with « The effect of Ca”~ was

then measured after elimination of the ionophors.

8.2 METHODS
B8.2.1 Preparation of membrane

fresh blood, taken in CPD,or outdated blood was used and the

membrane wae prspared as described previously (ssction 7).

8.2.2 Preparation of IO vesiclaes

The vesicles were prepared as shown in fig 8.1la.



- 104 -~

Membrane prepared
from fresh or outdated
blood, (Dodge et al, 1963)

Suspension of membrane
in 0.5mMPi bufFer pH 8.0
for 1 hr at 4 C

Centrifuged at
30,000 rpm for

30 min.
Sediment suspendsd supernatant
in 0.5mM Pi buffer frseze-dried for
pH 8 and stored gel electrophoresis

until used,

Homogenised for
30 sec and
preincubated for
20 min at 37°C
before use.

Fig B8.1a Flow chart showing the stages of praparation of membrane
vesicles., Since the slimination of Mg 2+ {n the homo-
genisation step leads to a high proportion of the
vesicles to be 10 in orientation the prep is termed the
I0 prep.
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Non-freeze-thawed membrane was suspended in x 10 its volume

of 0.5mM phosphats buffer and the suspension was kept in an

ice bath for 1 hr with gentls shaking accasionally. The suspsension
was then centrifugsd at 30,000 rpm for 30 minutes using MSE
supserspesd 75 centrifugs in 8 x 50 ml rotor. The supernatant

was freseze-dried and the powder was dissolved in H20 and
subjected for electrophoresis as will be shown later (Section 15).
The sediment was suspendéd in 0.5mM phosphate buffer pH 8.0 to
give protein concentration 2 - 3 mg/ml as estimated by the
method of Lowry et al (1951). Thie wae kept at -20°C until
required. The vesicle preparation was thawed and homogenised at
4°C using Warring blender homogsniser (MSE) for 30 seconde at

ons third of full speed and incubated for 20 minutes at 37°C

before addition to incubation mixturs.

45Ca uptake by the I0 veeiclss

The uptake of ths ca'" ione by the membrane 10 vesicles was

measursd using labellsd 450a. The incubation mixture in each

tube contained the following in fipal concentrations.

histidine/imidazole 30mm 1.25mlx
buffer pH 8.0

CaCl, 0. 2mM 0.25ml1
KCl 120mM 8.25ml
NaCl 100mM 0.25m1
ATP or H,0 1mM 0.25ml
FIgCl2 SmM 0.25ml
I0 suspsneion (2mg/m1) 0.10ml

# Stock solution volumes
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to 2.5ml
The volums was completed Kk K by addition of H_,O and the

2
tubes were preincubated at 37°C for 5 min before starting the
reaction. The I0 suspeneion was thawed, homogenised and pre-
incubated at 37 C for 20 min before addition to the reaction
mixture. The reaction was started.at 37 C by the addition of the
vesicle suepeneion and left to procesd for the time periods
selected. The reaction was then stopped by immersing the tubes
in an ice bath and immsdiately adding 5 mls of ice cold 30mM
hietidine/ﬁmidazole buffer pH 8.0. The tubes wers centrifuged
at 40,000 rpm in MSE superspeed 75 centrifuge using 10 x 10 mi
rotor for 30 minutee. The supernatant was discarded and the
tubes wers drained. The sides wers wiped and the sediment was
dissolved in 50011 of 1% triton-x-100. Aliquote were taken in

10 mls of triton-toluene cocktaiit and counted for 4SCa using

Intsrtechnique SL30 scintillation counter.

B8.2.4 Protein estimation

The protein concentration of sach membrane sample was determinad
using the method of Lowry st al (1951).

Standard curve was obtained using different concentfations
(0 - Angg) of BSA.
Reagents
Alkaline solution:

This was prepared and used in the same day. 50 mls of sodium
carbonate solution (2% w/v NajsCosz in 0.1M NaOH) was mixed with
0.5ml of copper sulphats CuSO4 2H,0 0.5% w/v and 0.5m1 of Na, K

tartarats 1%.
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Foliﬁ-Ciocaltau reaqgent

The commercial solution kept at 4°C was diluted 1 : 1 with
distilléd .water and used on the sams day. The samples (20 to SU/HQ )
were made up to lml with.distilled water and Sml of the alkaline
solution was added, ‘the tubes were shaken and left for 10 minutes.
0.5 ml of Folin-Coicaltew reagent wae added followed immediately
by vigorous shaking.

The tubes werse left to stand at room temperaturs for 30
minutes with occasional mixing. The blank tubs contained all
the. above reagsnts except for the protein samplss..Ths spectro-
photometer was calibrated using water and the above blank., Ths
0.D. values wers determinsd at 750 nm using Perkin Elmer 142

spectrophotometer.

2+
Efflux of Ca from_intact red blood cells

Freshly drawn human blood (in CPD) was washed 3 times by
centrifugation with 0.15M isotonic saline at 4°C and the buffy
coat was rsmoved after each wash. The packed cells were kept at
4°C. The incubation medium was prepared in an Erlenmyer flask
and kept on ice at O°C. *%he mixture contained 0.165 mls of
0.16M 'kCl in 0.15mM tris (pH adjusted to 8.0 using HCl); 0.2 mls
of 2 x 10'4m ionophore A23187 and 0.25 mls of a solution
containing 40mM CaCly and 100mM NaCl to which 2 ul of 0.94 x 10'4
C;Z;;stca was added. The final CaCl, was 2mM. 3mls of packed
cells were poured into the incubation mixture and the flask was

transferred immsdiately to 37 C with vigorous ehaking for 2 minutee.

The loading was stopped by pouring the mixture in 200mls of ice

Ae /, N 2
oMLt’W e Ca*bj tonofhore  [ons ‘*“"drilrj % Sorucds’ etaal (1976 )
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cold 0.5% BSA in 0.16M KC1 solution (pH 7.4). The mixture was
rapidly centrifug;d and thse sediment was washed 3 times with
the same buffer. The pellet was made to a haematocrit of

30% with the same washing buffer and the tube was incubated

at 37 C in water bath with vigorous shaking feor the time periods of
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g, 3, 5, 10, 20, 30, 40, 50, 60 miputes, After sach time

period an aliguot of 1.2 mls was taken out of the tube and
transferred to amother test tube which was on ice. Ffrom this
50041 aliquots were laysred gently on 7mls of ice cold solution
of 0.7 M sucrose in 0.,16M KC1l and centrifuged at 3000 rpm for

15 minutes at 0°C on MSE Mistral 4L centrifugs. The supernatant
was aspirated carefully and the pellst was dissolved in SOOul

of 1% triton-x-100 solution. 500l aliquots were taken for counting
using esither dioxane cocktail or triton cocktail scintillation
fluid. In experiments where recovery of the label was studied,
the supernatants were also saved and aliquots were taken for
caunting.

Initially quench correction was carried out using the external
standards ratio. Howsver, since the haemoglobin colour produced
constant quenching in each batch of sxperiments, quenching could
easily be detsrmined by addition of unlabelled lyeed cells to

the standard after initially determining unquenched activity.

Uphill transport

Experiments were carried out as described above with the
addition of 2ul of 450a and 0.25 mls of 40mM CaCl2 in 100mM NaCl
solution to the cell suspension and incubated as above. A time

course was carrised out as described above,

Hasmoglobin eatimation

The amount of hasmoglaobin in sach tube was measured according
to the method of Dacie & @ewis (1975). Ten microlitres of the
triton haemolysate was added to 4mls of Van Kampsn solution

containing (per litre) 200 mg of potassium ferricynide., 50 mg of
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potassium cyanide,140 mg of potassium dihydrogen orthophosphate
and 1mi of Nurdite‘Pdﬂ. The tubes were left at room temperature
for 10 minutes and the developed yellow colour was meaeured at
540nm. The concentration of haemoglobin-was determined against
standard haemoglobin reagent (55.7 g/hl) by this equation:

0.0540 std HiNC x 64,500 x dilution factor

Hb conc (g/dl) =
44,0 x d x 1000 x 10

whers 0.0540H1Nc = absorbance of std soclution at 540

64,500 = molecular weight of hasmoglobin

d = cuvette thickness in cm

1000 = conversion factor of mg to gm

10 = conversion factor of 1 to dl
8.2.8 45C32+ flux in I0 prep

Experiments were carried out to measure the efflux of 45Ca
from previouely loaded inside-out (10) prep. The vesicles
were prepared from freshly drawn blood as described previousely
and freeze-thawed once before homogenisation. The incubation
mixture (total volume 38 mls) contained the féllowing at the

final concentrations shown:-

30mM Histidine/Imidazole buffer pH 8.0 containing:

0.5mM EGTA + 0.1mg/ml ouabain 19mls

0.55mM ca2t total + *°ca (100 ci) 3.8 mls
100mM choline chloride 1.52mls
veeicle suspension - 1.5mg/hl B.12mls

The mixture was homogenised and incubated for 20 minutes befare

etarting the reaction as described previously. The reaction tubes

thgnpwﬁ
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RESULTS AND DISCUSSION

Caz+ of flux measurements from intact celle a"tar Ca2+

loading with the aid o iongphore A23187

The intact red cells were loaded with Ca2+ by brisfly
expoeing waehed red cells to the ionaphare A23187. The ianophore
was removed fram the celle by rapid washing with B5A and KCl
solution after the celle were loaded briefly with labelled
%5ca?* as a tracer.

The ef flux of Caz+ wae monitored for varioue time intervals
ehown in fig 8.1, this being calculated by the amount of 45032+_

remaining in the celle. Determination of Ca2+ lsvels by flame

photometery on the lysate of euch celle (with the membrane removed)

showed no measureable changee in the epecific activitise of the
tracsr 45032+ from the initial incubation medium over the time
coures etudisd. The specific activity of the tracer in thse
incubation medium wae therefore ueed for calculation for Caz+
flux measursemente,

The initial rate of efflux of Ca2+ was calculated by
measuring the elops of the tangent drawn to the efflux curves
ae ehown in fig 8.1. The initial rate of efflux wae found to
be in the range of 0.041 to 0.133 mmoles Ca2+ per litre of
packed celle per min., The mean valus was 0.080 + 0,035 mmole-=
ca?* per litre of packed celle per minute (n = 5) as shown in

tabls 8.1 .

The resulte were found to be variable even when only ons
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Fig 8.1  Efflux of Ca>* in intact red cells loaded with Ca’® after brief exposure to the Ca’ ionaphars, A23187.
Initial rate of efflux was calculated by determining the slope ofthe tangent drawn at zero tims, Values
for initial efflux rates are shown in table B,1 on the next page.Efach curve is a mean of two determinations
of different cells except for the open and closed circle symbols, which are of one subject repeated under
identical conditions,



Table 8.1 Efflux of Ca2+ from intact red blood cells after initial rapid loading of
Cca2t with the aid of ianophore A23187. Each value is a mean o three
determinations.

2+

Time mMoles Ca per litre of packed cells at the time of determination.
(mins)
1 2 3 4 5

0 1.40 1.12 1.6 1.80 1.98

3 1.20 1.00 1.66 1.56 1.64

5 1.09 0.98 1.56 1.44 1.48
10 0.80 0.91 1.26 1.49 1.16
15 0.61 0.89 1.35 1.18 0.92
20 0.39 0.87 1.26 1.13 0.84
25 0.27 0.85 1.17 1.11 0.68
30 0.19 0.83 1.15 1.11 0.60
Initial rate -0.072 ~0.063 -0.041 -0.092 -0,133
of efflux mMole/L/min '

Total mean of Initial

rate of efflux

-0.080 (+ ~ 0.035)

-l -
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batch of the cells was investigated. The variability appears
in the loading of Ca2+ ag shown in fig 8.1. This is clear
{rom the zero time values.

Experiments were also attempted in which the medium Caz+
concentration was mads approximately equal to the intracellular
Ca2+ concentration. The reason behind this experiment was that

2+

the component of Ca” efflux due to passive diffusion would be

cancslled if the outside medium contained Caz+ at the sams
concentration as that inside the cell. However, of the fauw
experiments attsmpted only one succeeded in having a medium
concentration almost equal te that of the intracellular concentration.
The difficulty was that the intracellular Ca2+ loading was
variable, as shouwn, and this intracellular lsvel could not be
determined before the period of efflux experiment: ..

The one experiments in which a passgive flux was cancelled
had an active Ca2+ extrusion rate of 0.076 mMole Ca2+ per litre
of packed cells per minute, which is within the mean value of

the previcus experiment in which passive Ca2+ flux could not be

compensatad for.

B8e3.2 Uptake of Ca2+ in I0 prep. using incubation medium without ATP

as a control for passive diffueion

The problem of passive diffusion in the intact cells can
be circumvented in the 10 prep by two means:
(a) Control experiments in which only passive efflux takesplace;
(b) A control experiment in which both passive diffusion and

active flux occurs but in which no net accumulation of Ca2+
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ie allowed., The experiment of type (a) is discussed in this
sub-section and that of type (b) in the naxt.

As mentioned earlier, an I0 prep is a prsparation in which
a mixture of 10 and RO vesicles ars present, the I0 vesicles in
this prep being greater than that of RO prep obtained by
homogenisation in the presence of Ngz+.

When Ca2+ is added to thes incubation medium in an ID prep
the cation will passively leak into the IO and RO vesicles
(other membrane structure, such as ths sediment of fig 8.1a,is
not a sealed structure since it does not act as an osmometer.
In these experiments this dass not contribute to Ca2+ accumulation).
Cn additicn of ATP only the IO vesicles will accumulate Ca2+
actively since the ATP is accessible to the Ca2+ pump active
site. Therefore the difference bstween the accumulation of
Ca2+ in presence and absence of ATP (neglecting any binding
effect of Ca’ induced by ATP) is equal ta active ca* transport.

The results of such experiments are shown in figs 8.2 a, b
and c where EGTA buffer systsm was not empleyed and where the
Ca2+ concentration was 0.2mM. Three general types of Ca2+
accumulation occured with time, In all experiments 0.4 to 0.5
nmale of Ca2+ are bound to the membrane per mg protein at zero
time of incubation. The differsnce between the +ATP and -ATP
control exists and is equal to 0.15 nmoles per mg protein in

each of the three experiments as shoun in figs B.2 &, b and c.

The control without ATP being consistently lower than the
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Fig 8.2a Ca2+ uptake into IO prep. Incubation medium contained Ca2+ at 0.2mM concentratlon
(without EGTA). Actlve transport and passive diffusion was measured 1ln presence of
2mM ATP (solld circles). Passilve diffugion was obtalned 1n absence of ATP (open circles)
Note that zero time values show that Ca=" is bound to the membranes and that a
difference exlsts 1in presence and absence of ATP,
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Fig 8.2b Uptaké of Ca2+ into I0 prep showing the instability of the accumulated Ca2+,
Conditions as described in fig 8.2a.
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into 10 prep. The accumulation of Ca2+ in these preps was slightly

Fig 8.2c Uptake of Ca
in excess of the previous two figs 8.2a and 8.2b, WNote the rapid lass of Ca
Conditions same as for fig 8.2a.



experimental value with ATP in the incubation mixture.

The initial rate of influx of Ca> in the ID prep
measured over the first five minutes of uptake with ATP was for
8.2a 0,14 nmole per mg protein per min, for 8.2b 0.10 nmole per
mg protein per min and for 8.2c 0.11 nmoles per mg protein per
min, Statistical analysis for differences in gradients'for the
three curves (taken a pair at a time) showed no difference at ths
p = 0.05 level. Analysis carried out accaording to Documenta
Geigy (see appendix for further details).

The mean values of Ca2+ flux in presence of ATP was taken to
be 0.119 + 0.013 nmole Ca2+ per mg protein per mine.

Similarly the values for incubation medium without ATP did
not differ (fig 8.2 a, b and ¢) significantly and the mean
value was 0,009 + 0.004 nmoles Ca2+ per mg protein per min.

A difference in the three types of uptake was, however,
observed when Ca2+ was accumulated to greater than about 2.0
nmoles per mg protein. In fig 8.2a, the Ca2+ concentration
remained below this value for up to 90 minutes. In other
experiments 8.2b and c this critical value was excseded and a
rapid loss of accumulated Ca2+ occured. In fig B8.2b it is seen
that this value was approached in these experiments gradually
and the loss of Ca’’ did not occur until well after 60 minutes
oP incubation. However, in other expsriments, as shown in
fig 8.2c, the critical value was exceeded rather faster and a
similar loss of accumulated ca>* also occured (as in fig 8.2b)

but rather more early.
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were prepared beforshand containing 0.25ml of 20mM ATP (or phosphats
Pi) and 0,05mls of SmM NgClz. The reaction was started by
addition of 2.2mls of the vesicles mixture to thes preincubated
tubes, The tubes uwere mixed and incubated for the time period
sslected and the reaction was stopped by immersi ng the tubes in

an ice bath and immediately adding 10mls of ice cold 30mM histidins/
imnidazole buffer (pH 8). The tubes were centrifuged at 30,000

rpm for 30 min using Beckman centrifuge (model L5 - 65 and

50.2 Ti rotor)., The supernatant was aspirated after taking

aliquots for counting and the sediment was dissolved in 1% w/v

of triton-x-100. Aliquots wsre taken for counting in 1Omls of
Insta-gel (Packard) Scintillation fluid and counted for 4SCa2+

in Beckman LS355 scintillation counter.



This phenomena ie further discussed in the general

2* and ATP on the stability of

conclusion. The effect of Ca
these vesiclss is discussed in section 9.

Entrapment of free Ca2+ lsvel up to 50 ymole inside ths
vesicles did not lead to such Ca2+ losses as shomﬁ in the next
sub-gection. Since the accumulated Ca2+ in the I0 vesicle is
on the sids of the membrane which correspond to the outside

eurPace in the intact csll, it is not likely that this surface

would respond to slight incrsases in Ca2+ levals,

Be3 63 Uptake or Ca2+ acainet a concentration gradient in I0 orep
usina EGTA buffer systam

Experiments wers carried out in which the free level of
Ca2+ was maintained at 0.05 mM in place of 0.2 mM, by use of
the EGTA buffer system as described in the ssction 7.1.

The level of Ca2+ inside the vesicle prep was made approx-
imately 0,004 mM greatser than that in the incubation medium by
homogenisaticn of the freeze-thawed vesicle preparation in the
presence of 0,051 mM free Ca2+. The incubation concentration
of Ca2+ was reduced to 0,047 mM by addition of Mg ATP or Ngz+
and equivalsnt amount of inorganic phosphate after the preincubaticn
step at which stage the vesicles had stabilised and sealed
towards Ca2+.

Fig 8.3 shous that the level of Ca2' in the IO prep uas

3.2 nmols psr mg protein. Also no difference was noted in the

pressnce or absencs of ATP,
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Assuming a bcbmlCa2+ concentration of 0.2:0: mMolar ahd that
the binding ot any Ca2+ does not eignificantly affect the results,
thie gives the total volume of intraveeicular compartment to
be|6 .«Oul per mg protein. If the same amount of Ca2+ is bound
to the membrane ae in Tig 8.2a, b and c, 8.0. 0.45 nmole/hg protein)
then thie value ie reduced to fS.B‘t 6.§/u1 per mg protein,

. not
This value is in agreement with 14C-inulin exclusion experiments

N

which gave a value of 59.2 4 4.%}{1 per mg protein. However,
ese Section 9. for etability effects of inulin with IO prep.

The initial rate of uptake of free Cazi was Tound to be
0.58 + 0,06 nmole per mg protein per min., Thie velocity is
approximately 4,9 times that in presance of 0,2 mM Céz+ without
the use of EGTA buffer syetem. The maximum level of Ca>'
accumulated occured after 30 minutes incubation and wae found
to be 9;10 + 0.2 nmole per mg protein, If EGTA was not present
inside the vesicles and all the vesiclee were of ID type, then
the Ca2+ concentration inside these vesicles would be 9.1 nmoles
per 59.%}41 or 0.154 mMolar. However, under the experimental

conditions used most of the Ca2+

is complexed to EGTA.

The passive diffusion was found to be lese than 0.002 nmoles
"per mg protein per min and is less than one-fifth the value shouwn

in figs 8.2 a, b and c. This indicates that the complex / Ca-EGTA/
hae a finite permeability since the value 0,002 nmoles per mg protein

is greater than that expected for a chemical gradient of 0.004 mM

of free ca?t present. Furtherfore the direction of flux is



8. 34

8.4

- 124 =

towards the outside of the vesicles into the medium,which is

opposite to the previous expsriments,

Uptaks of Ca2+ against a concsntration gradisnt using the
ionophore A23187 as the control

Instead of using an incubation- medium devoid of ATP as
control, the experiments were carried out -using ATP plus the
ionophore A23187. The ionophore df}ipates the Ca2+ concantration
inside the cell within 8 minutes of incubation (fig 8.4) and
gives an accurate setimate of the difference in concentration
across the vesicle membrane. It alsoc does not ints;ﬁere with
ATP induced Caz+ binding and actsas a perfsct control., Since the
diffsrencs of free CaZL across ths membrane is about 0.004 mmoles
and the total vesicular volume is 59.2 M1, 0.232 nmoles of Ca2+
per mg protein should be relesased from the vesiclss on addition
of ionophore, Howsver, the value is almost twice this (0.45
nmole per mg protein) and ths result oould bs due to a shift in
EGTA, Ca equillibrium position as must occur upen addition of
the ionophore.

The ATP induced Ca2+ binding (if it occurs) is cancelled in
thie experiment since both the : control "7 . _.and the experi=-

mental sample contained ATP.

Conclusion

The rate of efflux of Ca2+, in red blood cells was found

to be 0.080 + 0.035 mmols per litre of packed cslls per min

using the ionophore for loading the cells with Ca2+.
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Fig 8.4 Uptake of CaZ+ against concentration gradient as described in fig8.3. Note the

ATP (at 2mM) was also present in the controls (open symbols) as well as in the
experimental samples (closed symbols). However, ionophore A%3187mas also present
in control samples. The value AG indicates the value of Ca + grddient across
the vesiclas,
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Aﬁtiva transport component was measured as 0.076 mmola psr
litre of packed cells per min in anly one successful experiment.
Difficulty was found in establishing a constant initial Caz+
concentration acrosse the cells,

In praeence of 0.2 mi Ca2+ 10 vesiclee showsd an initial
uptake of 0.119 + 0.013 nmoles CaZF per mg protein per min, in
presence of ATP. In the absence of ATP thie wae 0.009 + 0.004
nmola Caz+ psr mg protein pey min. However, the vesicles were
unable to retain the accumulatad Caz* above 2.0 nmolee psr mg
protein., A rapid loee of Ca2+ occured when thie valus wae
exceeded in thess wxperiments,

Uptake of'Baz+ against a concentration gradient (with free
Ca2+ concentration of 0.05mM) showed an initial uptake rate of
9.10 nmole psr mg protein per mine

Ueing ionophore A23187 it is possible to correct for ATP
induced Caz+ binding and alseoc for sstimating the gradient of
Cazy formed acrosa the veeicles and to demonstrate conclusively

that gradient exieted at the beginning of such an experiment.



SECTION 9

VESICLE STABILITY'
In experiments described in the previous section it was

noted that the ID prep could not retain accumulated CaZt

above
approximately 2 nmoles per mg protein. Thase experimente were
carried out in absence of EGTA buffer system and in presence
of 0.2mMm caZ+.

In a few experiments it was also notad that after this
loss of CaZ+ the final Ca?* in the IO prep was sven lese than
that of the control valus. This result could be explained by
occurance of I0 vesicle fragmentation and-conversdon to RO
vesicles upon rasealing.

A striking similarity exists between the type of instability
of membranes derived from the red cell and that from the
earcoplasmic reticulum (Martonosi & Ferstose, 1964; Duggan &
Martonosi, 19703 Martonosi & Halpine, 1971). This is discussed
further in section 17.

Experiments were carried out to study the nature of the
instability of the I0 prep in presence of ATP and Ca2+. Density
gradient and 5'=nucleotidase techniques were found to be unsuitable.

14

Entrapment of 22y3 or 1%c-inulin and the acetylcholine esterase

assay gave resulte which were difficult to interpret.
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METHODS

Pregparation of the vesicles

The vesicles were derived from red cell membranes by
suspension in low ionic.strength buffer as described in the
previous section. m92+ was omitted to obtain predominantly
inside-out vesicles in the preparation. 1In the following this

is referred to as the 10 prep.

Assay mixture

The stability of vesicles was measured under the same

conditions as those ueed for the measurement of (Ca2+ Ngz+)

ATPase and the C82+ transport experiments. The experiments were
carried out using the same incubation mixture as in section 7.
Different Caz+ concentrations (0.2,0.5 and 2mM) were employed

in the presence and absence of 2mM ATP and the reaction stppped
after 45, 90 and 135 minutes (unless otherwise stated) using
ice-cold 30mM histidine/imidazole buffer. The following experiments

were carried out to detect the stability of the vesicles.

Dextran density gradient centrifugation of membrane vesicles

Dextran gradients were made in each centrifuge tubs. Thie
wae carried out by supporting the tube in vertical position and
6 mls of sach gradisnt were applied carefully to the bottom of the
tube starting from the least dense .gradient, with the aid of a
plastic tube connected to a long needle. Appneximatsly 3mg of
I0 prep wers added carefully to the top, assuring the balance of

all tubes by addition of light gradient. The tubes wers centrifuged
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at 25,000 rpm for 16 hours in Beckman centrifuge model L5-65

using swingout rotor type SW27.1., The fractions were cersfully
collected using a J-shaped pasteur pipette. The protein concent-
ration of sach fraction was estimated according to the method of
Lowury et al (1951) and corrected for the variable background colour
in each fraction. The dénsity of the dextran in each fraction

was determined frem the cofresponding refractive index values,
measured using refractometer (Bellingham & Stanley), the measurement
being made with Na-light source at 4°C. UWhen the refractometer
was not available the density of seach fraction was estimated by
drying to constant weight an accurately measured volume of
fraction of the gradient. Corrections were made for the weight

of the salts and protein. Values obtained by this method were

in reasonable agreement with valuee obtained by the

refractometar.

Coupled optical assay for 5'-nucleotidase

This enzyme catalyses the hydrolysis of the adenosine mono-
phosphate (AMP) to adenosine. The activity of this enzyme
is measured indirectly by measuring ths amount of inosinse
produced from the product adenosine due to its deamination by
adenosine deaminase, The nutleotidase is located on the outer
surface of the erythrocyte membrane and can, therefore, serve as
a marker for the sidedness of the vesicles. The assay was carried
out at room termperature (20°C) in 3ml cuvette; the reaction
mixture contained 1.5ml of 5mM Tris buffer (pH 7.4), one IU of
adenosine deaminase, 0.1ml (20ug protein) of vesicle preparation

(homogenised and preincubated as above) and varying concentrations
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of adenosine monophosphats. The velume was made up to 2.S5mls
with water. The suspension was mixed and the concentration of
inosine was measured at 265nm using Perkin Elmer 124 epectro-

photometer linked to a chart recorder.

Entrapment of 22Na oL 14C-inulin

22Na (1ouci /ml specific activity adjusted to 14ci/nMole)
or 14C-inulin (2u:i/ml specific activity adjusted to nuz/z.aJMola)
was added to the frseze-thawed membranse befors the homogenisation
step in the preparation of I0 vesicles. After preincubation
for 20 min at 37°C ths homogenats was centrifuged at 50,000 rpm
for 30 min using MSE superspeed 75 centrifuge and 10 x 10ml rotor.
The supernatant (containing the extravesicular radioactivity)
was discarded. The centrifuge tubes were drained and the sides
wiped carefully., The sedimsnt was suspended in 7.5mls of ice-cold
SmM phosphats buffer (pH8.0) and the above centrifugation procedure
was repeated twice more to snsure ths removal of traces of
radiocoactivity. The final sadimant.was resuspended in the same
buffer to give protsin concentration of 2mg/h1. The reaction
mixture useed in thess sxperiments was exactly as that of the
C82+-tranaport experiments. The reaction wae started by addition
of aliquots of the vesicles preparation and the amount of
22Na entrapped wae measured after 0, 45, 90 and 135 minutea of
incubation at 37 C. The reaction was stopped by the addition of
Smle ice cold 30mM histidine/imidazole buffer (pH 8.0) and the
tubes were centrifuged for 30 min at 50,000 rpm using the 10 x 10ml
rotor as mentionsd above. The supernatant was discarded after
taking an aliquot for recovery of isotops estimation and the

eediment was diseolved in 0.5ml of 1% triton-x-100. 0O.lml of

this was taken for counting in Packard Tri-carb gamma counter.
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Acetylcholine esterase assay

fha enzyne acetylcholine eeteraee is located at the outer
eurface of the red cell membrans. Therefore it can aleo be
used ae a marker for detecting the orientation aof the membranes.
The esubetrate ueed wae acetylthiocholine which ie hydrolyeed by
the enzyme to yield thiocholine. This produces a yellow colour
upon reaction with 5,5'-dithiobisnitrobenzoic acid and production
of the anion 5-thio-2-nitrobenzoate. Thsrefore the enzyme
activity could be measured spectrophotometrically at 412 nm by
the increaee in the intensity of thie colour.

acetythiocholine

Acetylthiocholine } Thiocholine + acetate
esterasse

Thiocholine + dithiobienitrobenzeic acid ———) yellow colour

The aeeay procedure:-

The aeeay wae carried out according to Jarrett & Pennietan
(1976). 3mle of 0.4mM 5,5'-djthiobigs-2-nitrobenzoic acid (Nbe)
in 0,1M sodium phosphate buffer (pH 8.0) was mixed with 2511 of
75mM acetylthiocholine chloride and 25-50 pg protein (10 prep)
in 3ml cuvette and the production of the yellow colour wae measured
at 412nm at room temperature for 4 min ueing Perkin Elmer 124
epectrophotaometer and Perkin Elmer 516 chart recorder. The
activity wae expreeeed ae nmole of the thiocholine produced per
min per mg protein ueing a mMolar extinction of 13.61. The
activity of thie enzyme wae meaeured after sach step of the prep-
aration of the I0 veeicles. The measurement wae carried out ae

followe:-
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1. After thawing the suspension, before homogsenization
2. - After homegenization

3. At 5 min intervals after incubation up to 1 hr.
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RESULTS AND DISCUSSION

Dextran density gradient centrifugation

The vesicles were separated on the density gradiesnt. Tuwo
types of daxtrans wers used. When dextran 1107 from Pharmacia
was used thes rangs cf densitiss was from 1.01 to 1.07 and ths
pattern of the vesicl® distribution on the gradient was similar
to that obtained by Steck et al,(1970a)as shoun in fig.9.1.

When dextran gfada C from BDH Chemical (molecular weight range
60,000 to 90,000) was used the density of a value beyond 1.044
could not bs resached with the mathods used. Howsver, this did
not affact the dietribution of thes first two bands shown in

fig 9.1 but at the bottom of the tube the sediment was a mixture
of the RO and the residual membrans. These fractions were
collected and assayed for acetylcholine esterases activity,

Table 9.1 shows the acetylcholine asterass activity as an
astimation of the proportion of I0 and RO as separated by density
gradisnt and that present before the 16 hour centrifugation. It
is clear that the percentage of I0 decreass on this prolonged
centrifugation from 59.3 to 36%.

Further experiments were carried out undesr the same conditions
but in thes presence or ahsence of ATP and different concentrations
o? Ca2+. A time period oT 135 minutes was used to allow
incubation of the I0 prep at 37°C. The subssequent centritugation
was carriad out at & C ?or 16 hours to saparate ths various

Tractions.
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Table 9.1 Estimation of percent of IO and RO vesicles before
and after density centrifugation use acetyl choline

Sample

10
RO

Sediment

esterase activity.

% estimated by Dextran
density gradient centri-
fugation + SD (n = 3)

36%
46%

18%

12
15
t 5

t

¥

+

% estimated by acetylcholine
esterase assay + SD (n 3)

59,3% + 18
41.7% + 8
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Fig 9.2 Calibration curve used for calculating the density of a gradient by use of refractive index.

O—-0 Refractive index for various density for dextran M Wt 72,000 as presented in
Handbook of Chemistry and Physics, vol. 54.
o—e Values for dextran grade C (BDH) used determined by measuring refractive index

and density.
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I0 vesicle. DBoth samples were analysed under-
identical conditions using the same IO Brep.

Both samples contain no added ATP or Ca +,
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After numerous experiments it was evident that consistent
results wers not obtainable. An example of a duplicate control
experiment under identical conditions is pressnted in fig 9.3,
It is clear that sven under these conditione consistent results
wers not tenable. This method f?or studying the stability of
I0 prep in presence and abssnce of  ATP and Ca2+ was not used
any #further,

It is important to mention here that ths ID fractions
obtained after density gradisnt centrifugaion did not show any

Caz+ traneport capability when assayed as described in section
8.1 The vesicles howsver still retained both the high affinity
(assayed at [Caz+_7 = 0,74 M) and low aTFinity ([Ca2+_7 = 0.2mM)

a2* + mg?*) - ATPase. The permeability of IO vesicle to Na'

(c
and K" was reported to be low (Kart & Steck, 1972).

Since the vesicles generally ssal rather more rapidly towards
Caz* than monovalent cations, it is difficult to undsretand why-

Caz* transport did not take place in thess vesicles.

22Na and 14 C-inulin entrapment in I0 prep as an indicator of

vesicle stability in presencs of ATP and Ca2+

The entrapment of labelled monovalant cation was initially

used as an indicator for the detection of conversion of 10" to
RO. The labslled 22Na+ was added to the membrans suepensiaon
befors homogenization and the vesicles were incubated for up to
135 minutes in the presence and absence of ATP and different

concentrations of Ca2+ as shown in fig 9.4 and 9.5, The control

* Yhere I0 and RO are written without mention of prep, read

inside-out vesicle and right-side-out vesicls.
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samplss containing no ATP were taken as 100% of the activity

in the sediment, When ATP was present the loss of the counts

from the sediment was much grsater in the absence of Caz+ than

in its presence., As thse Ca2+ concentration was increased this
loss was more gradual and as it is noticed in fig 9.4 that the
counts are retained in the vesicles for up to 90 min of incubation
at concentration of Ca2+ as high as 2mM. Ths counts in the
supesrnate reflected the amount lost from the vesicles and the
total recovery from supernate and sediment was practically squal
to ths calculated value,(i.s. 100% # 15D =. .5%, n = 6).

The experiment indicates that the loss oT sntrapped 22Na+
occurs in the presence of ATP. This is prevented by elsvated
Ca2+ concentration, 382+ may have these actions in two ways:
by complexing with ATP and rendering ATP ineffective or ths Caz+
may act directly at the membrane level, If the lattsr case is
correct, then the loss of 22Na+ may take place by increased
membrane permeability or by membrane vesicls destabilisation
or both,

That Ca2+ forme a complex with ATP is a well documented
fact and requires no further investigation. However, the second
hypothesis was investigated by repeating the esntrapment experiment
using 14C- inulin.

Studies an Ca2+ flux have shown that at high accumulation of

2+

Ca“" rapid loss of the cation can be induced (see fig 8.2 b and

B8¢2 c)e In some cases it was observed that the final value of
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2+ drops below the passively accumulated Ca2+.

the accumulated Ca
This can be explained by I0 (loaded with Ca2+) €hanging to an
RO and in the process losing all the accumulated Caz+ and,
eventually, the RO pumping aut the Caz+ into the medium against
a concentration gradient.

Uhen 14C-.j.nulin was used the I0 prep did not behave in the

same manner as for 22Na+. The control experiments in which

ATP and Ca2+ were absent demanstrated a low inulin laoss (fig 9.6)

22

whereas the contral for Nat entrapment showed nao such loas.

Hence inulin itself may have an effect on the stability of
vesicles, It was further noticed that ATP with or without l'.‘a2+
at the concentrations used did not alter the results significantly
from that of the controls without ATP or Ca’’ (see fig 9.6).

When the 22Na+ entrapment studies were initiated, the
excess radio-label in the incubation mixture was removed by
Piltration of the I0 prep through coarse Sephadex G-25. Although
the method was more rapid than centrifugation na 22Na+ was found
in the void volume. Clearly the Sephadax can cause destabilisation
of vesicles and loss of entrapped material from erythrocyte
membranes but not from artificial membranes lipasomes,

Chemically Sephadex is similar to inulin, and the results obtained

with inulin should, therefore, be expected.
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Fig 9.6 Entrapment of inulin. Conditions same as shown on fig 9.4. Note that each set of values
for Ca2t concentration of 0, 0.2, 0.5 and 2mM has a time course of 0, 45, 90 and 135 minutes

from left to right of each set of histogram shown. Mean of three duplicate experiments.
Closed bars : no ATP;: Open bars : 2mM ATP
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‘Use af enzyme markers for estimation of vesiclse stability

Enzyme marker techniques were used for further investigation
of the stability of vesicles towards ATP and Ca2+.

The criteria for the marker was that it should be a
membrane bound integral protein, which does not easily
dissociate or slute from the membrane at any of the various
steps of homogenisation or incubation at high or low ionic strengths
useds Also the substrate for the enzyme must show a low membrans
permeability and the assay should be sensitive.

Furthermore, it would be an advantage to have a
continuously monitoring system s.g. colorimetric techniques,
Finally, the assay must be very repid in order to avoid inter-
ference with the stability and permeability properties of the

I0 prep.

5'-nuclectidase assay

The assay of adenosine-5'-monophosphate by 5'-nucleatidase
satisfies all the above criteria and attempt was made to use this
assay., However, at the time of the assay the author was unaware
that the enzyme is absent érom human erythrocyte., The following
results show conclusiualybthat the enzyme activity is absent.
According to the method used, the activity of this enzyme was
measured by coupled spectrophotometric determination of the rate
of the deamination of adenosine to inosine, the reaction eteps

involved could simply be represented as follows:-
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.
Adenosine monophosphate 5 nUC1e°tidas§$-Adenosine + inorganic
: phosphate
Adenosine + H,D Adsnasine y Inosinet NH,
Deaninasse

The extinction coefTicient of adenosine and inosine was
measured by use of standard solutions in the range of 0 to 40
uMoles. Fig 9.7 and 9.8 show linear regression for a straight line
which best fits these points, The difference in extinction
(AE265) for one mmolar solution at 22°C was found to be 7.80 x 10°
at pH 7.5.

The reaction velocity of adenosine deaminase with adenosine
as a substrate is shown in fig 9.9. Saturation of the enzyme
wvas obtained at 0.025m1 of substrate,

When the assay was used with the human red cell ID prep
and ghosts as the source of 5'-nucleotidase, zero activity

was recorded for up to 30 minutes, even when the membrane protein

was increased to lmg per assay.”

Acetylcholine ssterase as a membrane marker in I0 prep

stability study

Although this assay fulfilled the criteria required for
membrane marker for I0 prep, it has been reported (Jarrett ZPennistone,

that the initial rate of the reaction can only be measured after

* Lymphocyte membrane were found to show activity at less than
Sugm membrane protein using this assay conditian,
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The acetylcholine activity in presence of 1% triton-x-100 was taken as an estimate

for 100% RO vesicle.




Table 9.2 IO prep was preincubated for 20 minutes
before assaying for acetylcholine esterase.
Samples were incubated with and without
2mM ATP. The values of activity in
presence of 1% triton-x-100 was taken as

100% (n = 6)

Time of % RO
incubation
minutes -ATP +ATP
0 62.8 74.1
10 75.6 79.0
20 58.3 6l.4

>0 55.2 58.0
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the first minute. For this reason alone the 5'-nucleotidase
assay was initially preferred. This study was carried out with
ghoet membranes, With I0 prep, however, initial linear rate
wae obtained within 5 seconds of initiating the reaction.

The assay was carried out for samples at diff'erent stages
of the vesicle preparation i.e. before and after homogenisation
and at several time periods of preincubation. The results as
shown in fig 9.10 are expressed as a pesrcentage of total activity
in the presence of triton.x«100.

The activity of the membrane suspension in the presence of
1% L riton-x-100 was considered as 100%. It is noticed from
this fig. that at 20 min of preincubation lowest percentage
of activity is cbtained indicating greatest population o® I0
vesicles. In other experiments the effect of ATP was measured
for the preincubated vesicle suspension as shown in table 9.2,
No effect of ATP was noted on the % of I0 vesicles when the IO
prep was preincubated for 20 minutes before addition of 2mM ATP.
Addition o Caz+ at final concentratione of 0.2, 0.5 and 2,0mM
was also without effect in presence or absence o ATP.

However, an &Tect of ATP was obtained when it was present
in the preincubation medium {tabls 9.2% Again Ca’™ at the
concentrations used did not significantly alter this relative

small change compared with fig 9.4 and 9.5.
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CONCLUSION

Density gradient techniques were found to be unreliable
for eetimation of the etability of I0 prep. 22Na+ sntrapment
resulte indicate that ATP may have an effect on the IO prep,
This effect could result either from membrane permeability
change or membrane deetabilization such that vesicle orisentation
change. When enzyme marker techniquee wers used it was found
that 5'-nucleotidase (a candidate for the assay of membrane vesicle
eidednees) was without activity. Acetylcholine esterase assay
showed that the membranes eidedness changee only in the preincubation
etages with ATP. Ca2+ was found to inhibit the lose of entrapped
22Na+ but was without effect when acetylthiocholine assay wae ueed
for detection of sidednese. Inulin appeare to cauee destabiligation
of the membrane in a manner probably somewhat similar to Sephadex.
None of the methods used in thie section could be coneidered
as a reliable technique of measurement of the stabilisation of

the vesicles,
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SECTION 10

Phosghorzlation of the red cell membrans

The biological significance of the membrans phosphorylation
is represented by the role of the phosphorylated protein in the
requlation of certain biological activitises associated with the
membrans., For exampls, the role of the phosphorylatsd intermsdiates
in the transport of the Na* and K" across the biological membrans
is well documsnted. The synaptic transmission was shown to be
regulated by phosphorylation of certain polypeptides in the
membranes of the nerve cells (Greengard & Kababian, 1974;
Greengard, 1975). The phosphorylation of the red cell membrane
protein may exhibit functional significance related to the
structural stability of the membrane. The phosphorylation is
catalysed by a protein kinase, approximately 80% of the total cell
activity being located on the cytoplasmic surface of the red
cell membrane. (Rubin st al, 1972, 1973). The enzyme consists of
regulatory or binding subunit (B) and catalytic subunit (C).

The modulation of the activity of the protein kinase is accomplished
by cAfMP as discussed previously. The cAMP binds to R, forming
the complex RycAMP. This complex dissociates lsaving the free
active catalytic subunit, C. The reaction is represented in thés
simple formulas

R - C + CcAMPo==2R-cAMP + C
The active C will transfer the terminal phosphate group from
ATP to the membrans protein receptor. The R and C reassociate
forming the inactive holosnzyme.

In this section the membrans of ths red cell was subjected
to phosphorylation in the presence of ATSZP and cAMP and the

incorporation of the 32P was measured and the phosphorylation of
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epectrin wae etudied in more detail,

1062 METHODS

10.2.1 Ieplation of membrans

The membrane wae isolated from freeh and cutdated blood
eamplee collacted in CPD ae anticoagulant by hypotonic haemolyeis
in phoephate buffer (esction 7). The final sediment wae suspended

in the esame buffer and estored at -20°C.

102462 Phosphorylation of the membrane

The sndogenoue phosphorylaticsn ST this red cell membrane
wae carried out ueing the method of Guthrow st al (1972). The

aseay medium wae made up ae ehown belouw.

Reagent Final conc.

ATP 0.05mM

cAMP 0.01mM

AT32P 106 cpm per tube
disodium hydrogsn Ds41 mM £pH 645 with HC1)
phosphate

NaF 0.1 mM

Thaqphi}ina 2.5 mM

MgAcetats 10,0 mM

EGTA 0.3 mh

The final incubation volume was 0,5 ml. The tubse werse
preincubated for § min at 35°C before starting the reaction.
Reaction wae etarted by the addition of the onee freeze-thawed
membrane (0.2 - 0.5 mg protein per tube) and etopped by immersing
the tubee in ice followed by the immediate addition of 0.2 mle of

ice-cold 0.63% BSA and 4 mle of 7.5% ice-cold TCA., The tubsee
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were centrifuged at 2000 rpm using MSE fefrigerated centrifugse,
Mistral 4L. The supernatant was aspirated and the sediment was
washed by .dissolving in 0.2 mls of 1M NaOH and then 2 mls of
ice-cold 5% TCA was added and the sample recentrifuged. The
washing procedure was repeated three times, The final sediment
was suspended in 0.2 ml of 1M NaOH, SDﬁl taken for 32P counting
in 10 mls of dioxane cocktail scintillant using Intertschnigue
SL 30 scintillation counter.

Experiments in which cAMP effects were investigated containdd
no cyclic AMP in the control tube and 0.01 mM cAMP in the
experimental tubs. For studies in which the effect of exogenous
protein kinase was investigated, 50 ul of 1 mg/hl enzyme protein
was added to a final volume of 0.5 ml. The reaction for both

experiments was stopped as described above.

Extraction and purification of cytoplasmic protein kinass foom

human red cells

The enzyme was prepared by salt extraction and purification

on DEAE cellulose chromotography using a modified method of Tao

(1974). The extraetion procedure is summarized as follows:(see fig
10.1)500 ml of human outdated blood collected in CPD was mixed
with 1 litre of 2.5 mM n'u‘;t:l2 solutions at 4°C and kept on ice for
30 min with constant gentle stirring. The solution was centrifuged
at 12,000 rpm for 30 min using Sorvall centrifuge (8 x 50 ml rotor).
The supernatant was collected as the crude lysate, saturated to
50% with solid ammonium sulphate and left for 30 min on ice.
The suspension was centrifuged as above and the precipitated protein
in the pellst was dissolved in 20 mM tris buffer (pH 7.5)
containing 1 mM dithiothrietol. The suspension was dialysed
overnight against the same buffer at 4°C. The dialysed solution

)

was centrifuged further to remove any insoluble contaminants

before applying to the columne
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Qutdated blood

I'Ig[:l2 Haemolysis

Centrifugation at 12,000 g

|
l |

Supernatant SED.
ppt with (NHy)SO04 discarded
i
Centfifuged
Supernatant SED
discarded Collectad and dialysed

overnight at 4 C

Solution c?ntrifuged at 12,000 g

f {
SED sup

discarded Purified by DEAE

Cellulose chromatography

Fige 10.1 Flow diagram of protein kinase extraction
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Purification by DEAE csellulose column chrumatograghx

A column of 0,95 x 9,2 cm of DEAE é&elluloss was ussed,;
The celluloss was suspendsd in the above dialysis buffer aftsr
washing twice and loaded in to the column and allowed to
equilibrate with the dialysis buffer by slution with twice its
bed volume., The procedurs was carried ot at 4°c. The sampls
was applied on the column and the column washed once again
with the dialysis buffer. The protein was sluted using a linsar
gradient of 0 to 0.35 M KCl. Approximatsly one hundrsd fractions
of 5 ml sach wers collected at slution rate of approximately l.3m1/hin.
The 0,0. was measursd at 280 nm to detect ths protsin psakse
I & II. All the collactad‘fractions were divided sequentially
into a total of 1D and pooled. The activity at pesaks I & II
was assayed Tor by the method ussd for the phosphorylation

mentionsed above using histon as ths receptor protein.

Extraction of Spectrin

The extraction of spectrin was carried out according to the
method of Marchesi & Stesrs (1968) as shown in fig 10.2. One
volums of the membrans, prepared sither from fresh or outdated
blood, was suspsnded overnight at 4°C in 9 part volumes of 5§ mM
EDTA (pH 7.5) containing 5 mM B -mercaptosthanol. The suspension
was ceAtrifuged at 35,000 rpm in MSE superspeed centrifugs 75
using 10 x 10 ml rotor. The first supernatant was stored at
4°C, The sediment was resuspended (1 : 9) overnight in 5 mM
glycine/NaOH pH 9.5 at 4°C. The suspension was centrifuged as
above, and the sscond supsrnatant was kept at 4°c. Finally, the
sediment was suspended (1 : 9) in distillsd water for 6 hours
at 4°C, the suspsnsion centrifuged and the third supsrnats

collected. Ths final sediment was discarded. The three supernatants



ReBeCs collected in CPD

Membrane preparation

Membrare suspension in x 10 its
volume 5 mM EDTA (pH 8.0) + 5 mM

mercaptoethanol; left te stir
overnight at 4°C

Centrifuged at
35,000 rpm for

30 min
Sediment suspended Supernatant I
in glycine buffer collected and
pH 9.5 containing kept at 4°C

5mM mercaptnetgannl
overnight at 4 C

Centrifuged
at 35,000 rpm
for 30 min

Supernatant II
kept at 4 C

Sediment
suspended in
distilled H,0
at 4°C for 8 hr

Centrifuged at
35,000 rpm
for 30 min

3

|

Sediment discarded Supernatant III

kept at 4°C

Supernatant I, II & III
pooled precipitated
and analysed against

5 mM Tris + 1mM EDTA

+ 130 mM NaCl +

5 mM Mercaptosthanol
pH 8,6 overnight

at 4 C

Fige 10,2 Flow~diagram of method used for extraction of spectrin

from red blood cell,
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were pooled and the preotein was precipitated at 50% saturation
with solid ammonium sulphate with gentle stirring, The
suspension was left on ice for 30 minutes and then centrifuged
as above using 8 x 50 ml roter. The sediment was suspended in
a small volume of 5 mM tris buffer (pH 8.6) containing 1 mi
EDTA, 150 mM NaCl and & mM mercaptoethanol. The suspension was
dialysed overnight against the same buffer at 4°C with tuwo
changes of the buffer. The suspension was kept at 4°C until
required. It was normally used within 48 hours of the last

step.

10.2.5 Endogenous phosphorylation of extracted spectrin

The spectrin, extracted as described above, was phospho=-
rylated in the presence of cAMP and AT32P as described in section
10.2.2. Each tubse contained 0.2 to 0.3 mg protein and the
phosphorylation was carried out for a time course of up to
100 minutes. Aliquots of 10Qul each were taken from the
final suspension in 10 ml dioxane cocktail and.counted for the
incorporation of 32P in Intertechnique SL 30 scintillation

counter.

10.2.6 Exoqenous phosphorylation of extracted spectrin

This was carried out using 50l of 0.1 mg/ml of purified
extracted cytoplasmic protein kinase, the assay being carried

out as above.



10,3 RESULTS AND DISCUSSION

10,361 Endogenous membrans_phosphorylation

Membranes from human red cells exhibit the ability for
endogenous phosphgrylation in the presencs of cAMP and ATP.

Fig 10.3 shows time course for phosphorylation of red cell membranse.
The phosphorylation was linear up to at least 10 minutes and over
this period the phosphorylation velocity was 0.019 nmole phosphate
bound per mg protein per minute. The maximum level of phospho-
rylation was 0.3625 + 0,066 nmole phosphate bound per mg protein

(n = 9; each value was made in duplicate). The valuss of
phosphorylation reaction is shown in table 10.1.

After maximum level of phosphorylation was reached a gradual
dephosphorylation process occurred as shown in fig 10.3. The
reason for dephosphorylation could not be due to complete utilis-
ation of ATP since it was pressnt in access in the incubation
tube (2.5 nmole), thersfore ATP. could not be a limiting factor
for the phosphorylation. The rate of the dephosphorylation was
much slower than that of the phosphorylation (-0,005) nmole
phosphate bound per mg protein per minute. The negative sign
indicates a dscline in the phosphorylation activity. In few
expariments two types of variability in the phosphorylation
pattern was observed., 1In some samples the dephosphorylation
procass occured after 20 minutes of incubation at a rate which
is similar to phosphorylation. After this period, rephosphorylation
continues giving a peak value at 45 minutes as stated previously.
In other cases dephosphorylation does not occur after the peak

value is reached. However, the majority of the membrane samples
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fFig 10.3 Time course of phosphorylation of red blood cell membrane. Note relatively high standard
deviations at 30 and 40 mins dus to dephosphorylation in some samples. Nine different samples

wers ussed. Each determination was made in duplicate.



Table 10.1 Time course of phosphorylation activity of membrane samples from six healthy normals.
Each value is a mean of two determinations. Zero time values were taken as background
and subtracted from each value.

Time Activity: nmole P1i bound per mg membrane protein.
(mins) subjects
1 2 3 4 5 6 7 8 9 Mean + 18D
3 0.045 0.065 0.052 0.053 0.036 0.058 0.052 0.072 0.059 0.055
+ 0,011
5 0.075 0.088 0.057 0.102 0.066 0.110 0.098 0.115 0.130 0.093
+ 0.024
]
10 0.209 0.225 0.103 0.241 0.166 0.215 0.193 0.127 0.148 0.181 P
+ 0.047 =
)
20 0.3219 0.245 0.257 0.224 0.230 0.341 0.256 0.208 0.194 0.253
+ 0.049
30 0.389 0.476 0.278 0.207 0.320 0.355 0.309 0.405 0.297 0.337
+ 0.079
40 0.402 0.395 0.328 0.415 0.293 0.426 0.297 0.415 0.389 0.373
+ 0.053
50 0.330 0.391 0.305 0.357 0.285 0.409 0.293 0.389 0.267 0.336
+ 0,052
60 0.310 0.362 0.293 0.372 0.285 0.406 0.258 0.378 0.259 0.325
+ 0.055
70 0.332 0.392 0.712 0.309 0.271 0.343 0.396 0.352 0.255 0.323
+ 0.059
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produced a pattern similar to that shown in fig 10.3 and when
the rest of the dissimilar samples were combined, the overall
general pattern was that shown in fig 10.3. This alsv explains

the high standard deviation. values shown in table 10.1.

Endogenous membrane phosphorylation and the effect of cAMP

The effect of cAMP was stimulatory for the endogenous

phospharylation of red cell membrane, 1In table 10.2 the initial

rate of phosphorylation aover the First 5 minutes period was measured.
The experiment was carried out in duplicate using 3 normal membrane
preparations in the presence or absence of 10 pmolar cAMP in

the incubation mixture. Approximately 80% activation was observed
in membrane samples in which cAMP was present. For the phospho-
rylation studies, cAMP was always present in further studies

presented, unlsss otherwise stated.

Extraction and purification of cytoplasmic protein kinase

Protein kinase extracted and purified from human red cell
cytoplasm was used to study the effect of protein Hinase on the
phosphorylation of axtracted spectrin. Membrane bound protein kinase
could not be used because satisfactory method for purification
of membrane bound protein kinase af'ter its extraction was not
available at the time of the study. Membrane proteins which
interfere with phosphorylation may also co-elute with the PK
fractions.

The protein kinase was eluted in two distinct peaks as
astimated by the 0.D readings of all the fractions collected at

280 nm as shouwn in fig 10.4. When histone was used as the exogenous



Table 10.2

Sample

Mean
+1SD

]
-
")
(@3]
]

Effect of cAMP on the endogenous phosphorylation
activity in normal red cell membrane. Each value
is mean of two determinations.

Activity: nmole

with‘:%AMP

0.070
0.067
0.058

0.065
+ 0.006

32

0.120
0.111
0.107

113
0.0

I+ O

o7

P bound/mg protein/10 mins.
Witq, 5 cAMP

% increase
in activity

71.4%
65.7%
84.5%
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Fig 10.4 Elution profile for human cytoplasm red blood cell protein kinase.
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Fractions between arrows shouwn



phosphate acceptor, peak I contained approximately one-fifth

of peak II activity. Peak II containing tha highest activity

was therefore used. Fractions from the leading edge A (see fig 10.4)
were collected and used since the trailing edge B showed some

inflections in the 0.D. values,

10.3.4 Phosphorylation of extracted spectrin
After 48 hrs of storage at 4 C fhe extracted spectrin

showed fo phosphorylation activity. Addition of purified protein
kinase Tailed to produce any further activitation. Endogenous
phosphorylation assay was carried out immediately after the
overnight dialysis of spectrin. Fig 10.5 shows a general pattern
of phosphorylation of extracted spectrin., The pattern is similar
to that of membrane endogenous phosphorylation shown in fig 10.3.
The initial linear rate of spectrin phosphorylation was found to
to be 0.00153 nmole af phosphate bound per mg protein per minute
and the linearity of the reaction was maintained up to 30 minutes,
Maximal phosphorylation " “was 0,071 (t 0.009) nmole phosphate
bound per mg protein . ) - at 50 minutes incubations.
Dephosphorylation process was alsc observed at rate of (-0.,0011)

nmole phosphate bound per mg protein per minute.

10.3.5 Effect of extracted protein kinase on spectrin phosphorylation

Spectrin phorphorylation was carried out at 20 minutes
incubation period in the presence of cytoplasmic protein kinase as
shown in fig 10.4. The experiment was carried out on spectrin

extracted from six different normal membrane samples.
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Table 10.3 shows the activities of phosphorylation of
spectrin with (A) and without (B) protsin kinase and of the
protein kinase with (C) and without spectrin (D). The
calculation of ths background activity of spectrin was as
follows:

1. Value D was subtracted from B to obtain the net value of
spectrin phosphorylation activity.

2. Protein kinase alone showed some activity (C), therefore
this value was subtracted from (A) to present the phospho-
rylation activity of spectrin after the addition of protein

kinass,

Table 10,3 Effect of extracted protein kinase on spectrin
phosphorylation. A typical analysis of the 'results
presented in table 10.4 showing the control values
for backqround subtractian,.

Activity: nmele Pi bound/hg protein/hﬂ mins.

Sample
With Without
protein kinase protein kinase
with
spectrin 0.3310 0.0334
without
. spectrin 0.0180 0.0074

From table 10.3 the activity of protein kinase is 2,5 times
the background value compared to 4.5 for spectrin. Step one of

the calculation discussed above -.is followed to



Table 10.4

Sample

\J1

Mean
+13D

Extracted spectrin was phosphorylated in presence and absence of exogenous

protein kinase. Each value is mean of two determinations.

The increase 1n

activity was calculated as the difference between A and B dividing by A.

Values in B are corrected for

A

Activity: nmole Pi baand
per mg protein extracted
spectrin only.

0.023, 0.031

0.045, 0.043

0.028, 0.030

0.036, 0.025

0.035, 0.036

0.033 + 0,007

Activity:

0.243,

0.213,

0.205,

0.201 + 0.027

0.179

0.210

0.202

0.138

0.212

nmole P1i per mg
protein extracted spectrin
with purified pretein kinase.

background phosphorylation as shown in table 10.3.

% increase
in activity

956.5, 477.4

273.3, 388.4

- esl =

632.1, 573.3

438.9, 452.0

497.1, 488.9

524.8 + 170.8



obtain _the valus of column A in table 10.4 and stsp two was ussd

to obtain values in column B. The mean valus for spsctrin
phosphorylation at 20 minutes of incubation was 0.0295 + 0.011
nmole phosphats bound per mg protein psr minuts, whersas that of
spectrin with the protein kinase was 0.193 + 0.033 nmoles phosphate
bound psr mg protein per minuts, an increase of 6.9 fold.

It can bs concluded Fro@ the above study that ths louw
activity of phasphorylation of extracted spectrin is due primarily
to the pressnce of low levels of the esndagsenaus snzyms, or to
inhibition of its activity. Since spectrin kept for over 48 hrs
at 4°C shouws practically no phasphorylation activity sven when
sxogenous protein kinass is added, it is poesible that spsctrin
loses ite phosphorylation activity due to partial denaturation.
The possibility that the loss of activity is dus to action of
proteolytic enzymes is partially excluded since immediate storage
of spectrin at -20C or -193 C after dialysis overnight shouwed

similar loss in activity.
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SECTION 11

Age degendent studies

Phosphorylation of membrane proteins of young and old cells
separated by ultracentrifugation

The circulating blood contains heterogenous population
of cells according to their ags and rmaturity. As the cells
age, different biochemical and biophysical alterations in the
cell as well as in its membrane protsins occur. Several studies
concerning these alterations have been carrisd out. Sseparation
of the cells according to their age was achisved sither by ultra-
centrifugation (Regas & Koler, 1961) which ssparates cells
according to their altered buoyant density with age or by
density gradient sepazation (Leif & Vinmograd, 1964), Studiss
were carried out in an attempt to characterize the metabolic
alterations that accompany the ageing process (Bernstein, 1959).
As mentioned in section 5, these studiss showed that alteration
in the enzyme activitdes during cell ageing process leads
eventually to cell destruction by the splesn. Since the splenic
sequoestration is dependent probably on the alteration of the
membrane surface and since phosphorylation is important in
regulation of mesmbrane function, it is of interest to measure
the activity of the enzyme, protein kinase, and of the msmbrane

protein phosphorylation in cells of different maturity.

METHODS

Ssparation of the cells

Normal fresh blood was collscted in CPD and washed with cold

isotonic saline (0,15M) three times to separate the white cells
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and the plasma. The packed red cells were centrifuged at

40,000 rpm for 1 hr using MSE super speed 75 centrifuge and

10 x 10 ml rotor. The tube was divided into four layers,

The top layer (A) was considered as the young cells and the bottom
layer (D) as the old cells. The middle layers (B and C)
represented the mature red cells., Only layers A and D were
investigated. Slides were prepared for sach layer and stained with
bromocreasol blue for reticulocyte count. The activity of

G-6-PD was measured in each layer immediately after centrifugation
and was taken as an indication of age since the activity of this
enzyme was shown to decline during ageing. G-6-PD activity was
estimated as in Beutler (1975), The assay was carried out in a
three ml cuvette at 340 nm using Perkin Elmer 142 spectro-
photometer linked to chart recorder.. The cuvetts
contained: (final concentrations) Tris-HC1 100 mM (pH 8.0),

EDTA 0.5 mM, l'lgCl2 10 mM, NADP 0.2 mM. The substrates Glucose-6-
phosphate and 6-phosphogluconate were present at 0,06 and 0.03 mi
respectively. The packed red cells were hasmolysed in distilled
water (1 : 20) immediately before assay, centrifuged at 2,500 rpm
in Mistral 4L for 10 mins and 50 pl of lysate taken for assay.
The assay was carried out at 37°C:for 5 min, the reaction being
started by the addition of the lysate. Refsrence contained the
same mixture as the sample except for ommission of the substrate.
The initial linear velocity was calculated. The results are
expressed in I.U. per gm Hb. The Hb. was estimated by Drabkins
method as described in section 8. The activity obtained with
6-PG was subtracted from that obtained from G-6-P to give the

activity of G-6-PD, Membrans preparation was carried out on each
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layer as daescribed previously (section 7.1) and stored at =20 C

until used,

11162 Endogenous phosphorylation of membranes fraom younq and old calls

Freeze-thawad membrane samples were subjected to
phosphorylation in.the presence of cAMP and ATZZP as described
previously (Section 10.2.2). Time course for the reaction

was carried out and the amount of 32P bound to the membrane

was determined.

1113 SDS_gel electrophaoresis

The final sediment of the phosphorylated membrane samplas
was suspaended in 1% SOS with sucrose solution for elactrophoresis
(section 15.1). Samples were incubated for 30 minutes at 37°C
and 20 (l (10ﬁgg membrane protein) was applied carefully to the
top of the gel, Electrophoresis was carried out as described
(section 15.1) using a current of 8 mﬂ/%ube at constant voltage
for 30 = 45 minutes or until the tracker dye had migrated at least
two~thirds the length of the gel. Gels were stained with
coomasie blue. Spectrin bands (I + II) were cut, dissolved in
H202 and counted in 10 mls of dioxane cacktail using Intertechnigue

SL 30 far 32P incorparation.

11.1.4 Exogenous phaosphorylation of membrane and spectrin bands of the

layers A and D

The same procedure as for the endogenous membrane phaspharylation
was carried out except that the tubes were incubated in presence
and absence of extracted cytoplasmic human red cell protein

kitnase. The membrane samples were alsa subjected to elesctrophoresis
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to separate spectrin bands (I + II). The gels were stained,

cut and counted as above for 32P incorporation.

RESULTS AND DISCUSSION

The cells were separated according to their age by ultra-
centrifugation. The top layer was considered to contain the
younger cells in the circulation. The reticulocytes were
found to comprise 7 to 8% in the young cell population while
the bottom layer contained approximatsly 0.2 to 0.5% reticulocytss
and was considered as the oldest cells in the dirculation. To
confirm this further, the activity of G=6-PD was measured in
both layers as shown in Table 11.1. The activity was 5 times
higher in the top layer than that of the bottom. Since the
activity of this enzyme was shown to decline during ageing
,1974 )

(Turner et al the high activity in the top laysr

indicates that it contains young cells.

Table 11.1 G=5-PD zctivity of uppar and lowsr layarz of 1BC
6-5-FD IU/cm Hh + 1 5D
Uppar laver 28,72 + 4,75
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Phosphorylation of top and bottom layer membzrans

The membranes prepared from these layers were assayed for

endogenous phasphorylation in the presence of cAMP and ATSZP.

‘Table 11.2 a and b show the levsl of phosphorylation of the tap

and bottom:zlayers respectively with time. The corresponding
figure:- (Fig 11¢1). ... . shows the pattern of phosphorylation
of these membranes which resembled that of the general total
membrane phosphorylation (see fig 10.3)e The mean maximum

value for the phosphorylation of the bottom layer was 0.451 nmole
3291 bound/hg membrane protein (n = 4) as shown in table 11.2b,
which was reached after 45 minutes of incubation. The maximum
level of phosphorylation of the top layer was 0,308 nmole Pi
bound/mg membrane protein (n = 4) as shown in table (11.2 a),
indicating a decreassd level of phosphorylation of these membranes
compared to that of the bottom:layer., This is also clearly shouwn
in €ig 11.1. ~ - . ,. These results may appear to be in contrast
with the study of Pfeffer & Swislocki (1976) which showed a
decreassd activity of ﬁrotein kinase during ageing. The reason
for increased phosphorylation level in the bottom layer is not
known. It could however be due to several reasons. Firstly a
change in the hehaviour of the enzyme may occur. Either all or
a fraction of this enzyme may not be stimulatsd by cAMP in early

stages of maturation and the activity shown here is dus to the

‘cAMP independent fraction of the enzyme. cAMP may also bs

inhibitory rather than stimulating the enzyme (see section 4).
Secondly the effect of the fluoride which is present at low
concentrations in the assay msdium may be activating to the
phosphodiesterase, which bas besn demonstrated to show this

anomalous behavious at early stagss of dsvelopment (Schmidt et al, -



Yable 11.2 a: Phosphorylation of membranes derived from red cells of the top layer. Each value

is a mean of two determinations.

Time
(mins)

10
20
30
45
60

Activity: nmole

0,018
0.139
0.151
0.163
0.148
0.183
0.156

Subjects

2
0.023
0.123
0.142
0.172
0.202
0.180
0.15h9

5
0.017
0.128
0.135
0.153
0.177
0.157
0.139

2P bound per mg protein

0.019
0.148
0.183
0.193
0.540
0.163
0.161

0.109
0.23
0.34
0.359
0.365
0.498

0.471

0.016
0.216
0.329
0.411
0.417
0.511
0.359

mean

0.020
0.164
0.213
0.242
0.308
0.282

0.241



Hln 11.2b Phosphorylation of red cell membranes from bottom layer cells Moan of tuo determinzticns shoun.

Time

10
20
30
45
60

Activity

0.012
0.159
0.271
0.279
0.2895
0.3686
0.3142

nmole 32P bound per mg protein

2
0.0110
0.334
0.358
0.387
0.413

0.414

0.352

0.0109
0.301
0.322
0.385
0.432
0.503
0.408

Subjects
4

0.0115
0.289
0.389
0.408
0.489
0.508
0.515

5
0.0106

0.249
0.293
0.420
0.507
0.360

0.454

0.0109
0.19%4
0.270
0.427
0.444

0.555
0.489

mean

0.011
0.254
0.217
0.388
0.429
0.451

0.420

+ 18D
0.001
0.067
0.049
0.057
0.077
0.081

0.081

-3
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Fig 11,1 Phosphorylation of red cell membrane derived from top (open circles) and bottom (closed circles)
layers of cells after high speed centrifugation. Each determination is a mean of four preparations

assayed in duplicate,
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1970). If this is true, then this would lead to the hydrolysis

of cAMP in the assay mixture. Another possibility is the

appearance of an additional protein (shown as band in SDS gel
electrophoresis by Kadlubowski & Harris (1974)) in the membrane

upon ageing. This band (4.1 according to the classification by
FairbanKs et al (1971)) was also shown to be phosphorylated under
similar experimental conditions to that used in this study

(Roses & Appel, 1973). Therefore the increase of the phnsphorylation
may be attributed to this band. This was substantiated by the
finding that the level of phosphorylation in spectrin bands of

young cells was low as will be shown later.

When cytoplasmic protein kinase (extracted from human red
cells) was added to the assay medium further decrease in activity
was noticed as shown in Taﬁle 11.3a and b and the corresponding
Fig ll.1 a and b. This decreass was more dramatic in the young
cell membrane and it was not very significant in the old cell
membrane. The maximum level of phosphorylation of old cells was
0.358 nmole of Pi bound/hg membrane protein at 45 minutes compared
to 0.135 nmole of Pi bounqﬁmg membrane protein of the top cell at
the same period (n = 4 for each layer). The reason of suppression
in the phosphorylation of both layers is not known. 5ince
exogenous protein kinase doss not increase the level of phosphorvylatior
in either the young.or old cells, it is possible that decrease in
protein kinase activity with ageing is not responsible for this

phenomena,

Phosphorylation of band (I & II)

However, similar patterns of phosphozylation ware obtained

when the membrane protsins were isolated on gel electrophoresis.



Phosphorylation of red cell membranes from top layer cells
with exogenous protein kinase.

Time Activity: nmoles 32P bound per mg protein
(mins) + Protein kinase
Subjects

1 2 3 mean + 1SD
0 0.015 0.010 0.017 .014 0.004
5 0.178 .087 . L.072 0.099 0.035
10 .110 0.120 0.145 0.125 0.018
20 0.124 0.143 0.120 0.129 0.012
30 0.130 0.115 0.160 0.135 0.023
45 0.122 0.150 0.130 0.135 0.014

60 0.121 0.189 0.131 0.147 0.037



Toh'= 11,50 Phosphorylation of red cell membranes from bottom
layer cells with exogenous protein kinase.

Time Activity: nmoles 32P bound per mg protein
(mins) + Protein kinase
Subjects
1 2 3 mean + 18D
0] 0.012 0.026 0.013 0.017 0.008
5 0.173 0.236 0.200 0.203 0.032
10 0.384 0.213 0.240 0.279 0.092
20 0.313 0.39%4 0.304 0.337 0.05
30 0.331 0.340 0.403 0.358 0.039
45 0.401 0.312 0.298 0.337 0.056

60 0.298 0.279 0.350 0.309 0.037

ob

-G
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Table 11.4 a and b shows the values of phosphorylation of band

(I + IT). Maximum level of phosphorylation of the bottom

layer was 0.023 nmole Pi bound/mg membrane protein applied to the
gel at 45 minutes compared to that of the top layer (0.016)

at the same period. UWhen cytoplasmic protein kinase was added

a slight decrease in the phgsphorylation level occurred. It is
possible that the decreased phosphorylation level of top-layer
membrane may be due to decreased number of phosphorylation sites
on the phosphate acceptor protein and that this number increases
during maturation. This is poseible since it could be argued
that no further synthesis of protein could occur during maturation
of the erythrocytes in the circulation sinéa in .gnucleated cells
further protein synthesis is absent. Conformational changes in
the membrane protein during ageing may bring about the increased
level of phosphorylation by exposing greater number of phospho=
rylation sites, The interaction of the protein with the lipids
may also be altered in a way affecting the phosphorylation

activity of the membrane prateins,.



Table 11.4a ! Time course of phosphorylation of membrane derived from the top layer of cells,
Activity in band (I & II) determined without and with exogenous protein kinase.

Time Activity: nmoles 32P bound per mg protein of the original membrane
(mins) No PK. + PK
Subjects Subjects
1 2 3 mean + 18D 1 2 3 mean + 13D
5 0.008 0.013 0.009 0.010 0.003 0.007 0.005 0.0035 0.005 0.002
10 0.009%4 0.012 0.011 0.011 0.002 0.0062 0.009 0.007 0.007 0.001 ®
1
20 0.015 0.019 0.013 0.016 0.003 0.0075 0.011 0.0089 0.009 0.002
30 0.009 0.012 0.015 0.012 0.003 0.0089 0.015 0.012 0.012 0.003
45 0.012 0.019 0.018 0.016 0.004 0.0109 0.019 0.020 0.017 0.005

60 0.011 0.009 0.015 0.012 0.003 0.0079 0.009 0.018 0.012 0.006



T~ 1o 11,40 TTimn rouren of phonphoryvlriion of Lottouw layecr membranes., Activity in band IGIT determinnd

itin aned without exogrinnus protein Ninnen.

Activity: nmoles Pi bound per mg protein used for electrophoresis.

No PK + PK
Subject Subject
Time 1 2 3 mean + 1SD 1 2 3 mean + S.D.
(mins) ‘ :
5 0.006 0.004 0.0089 0.006 0.002 0.006 0.017 0.009 0.005 0.0016
' ]
10 0.0071 0.0099 0.010 0.009 0.002 0.0075 0.009 0.010 0.009 0.001 R
o
]
20 0.0089 0.010 0.0150 0.012 0.003 0.0089 0.010 0.012 0.010 0.002
30 0.0125 0.0210 0.0200 0.018 0.005 0.0092 0.019 0.013 0.014 0.005
45 0.0921 0.0260 0.0210 0.023 0.003 0.017 0.023 0.019 0.020 0.003

60 0.0112 0.0230 0.0150 0.016 0.006 0.0098 0.015 0.008 0.011 0.004
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Fig 11.4a. Time course of phosphorylation of band(I+II) Fig 11.4b. Time course of phosphorylation of band(I+II) derived
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SECTION 12

12.1 PHOSPHORYLATION OF SPECTRIN BAND (I & II) AND MEMBRANES OF

HEREDITARY SPHEROCYTOSIS AND NORMAL SUBJECTS

As already shown in section 10 the membranes of the red cells
exhibit an ability to underge endogenous phosphorylation and
dephosphorylation in the presence of ATP and cAMP. It was shouwn

"that when spactrin was sxtractsd from these membranes, a similar
pattern of phosphorylation and dsphosphorylation was observed.
In hersditary spherocytosis, a type of anaesmia characterissd by
smaller than normal volume of the cells and spherocytic shaps,
abnormalities of the membrans components may be pressnt. Many
investigators have propossd that the red cell membrane is the
site of such abnormalitiss (Harris and Frankerd, 1953).

In this study the rate of the phosphorylation of the membrans
from patisnts with H.S5. is studisd and comparsd with ths rats
of phosphorylation of normal subjects. The pattern of phospho-
rylation of spesctrin bands (I & II) from SDS gel slsctrophorssis,

is also investigatsd.

12.2 METHODS

12.2.1 Endagenous phosphorylation of normal and H.S. membranes

Fresza~thawsd membrans samples were phosphorylated in the
prasence of ATP and cAMP as described in section 10, for a period
up to 120 minutes. The reaction was stopped at various tims
interwals as dsscribed previously and the final sadiment was dissalvsd
in 1% SDS and 50ul aliquote was taken from sach tube for detsrmination

of radicactive incorporation of °2P. Tp 20ul sample of this



sediment, 511 aliquot of sucrose solution was added and 12.5 1 of
this was subjected to electrophoresis as daescribed in section 14.
After staining in Coomasie blue band (I & II) was identified, cut
and dissolved in 30% H202 at 37°C overnight. The radioactivity

was measured in dioxane cocktail using Intertechnique SL 30
spectrometer.

In somse axparimanfs, staining of the gels with Coomasie blue
was not carried out. The final sediment was labelled with the
fluorescent dye (dansyl chloride) before the electrophoresis and
bands (I & II) were immediately visualised under the U.V. light,
cut and dissolved in 30% HZD2 before munting. The disadvantage
of this technique is that the bands tend to diffuse when fixation
with acetic acid and isopropanol is omitted, thersfore the need

to cut the bands immediately on visualisation is important.

12.2.2 Dansylation of ths membrane protein
Dansylation was-carried out according to Talbot & Yphantis (I971)

except that dansylation by-product was not removed with ssphadex-25
before electropherasis, since these are of low molecular weight
and did not effect or interfere with bands (I & II).

To 0.5 to 1 mg of sediment protein the following was added:
10011 of O.1lml tris (pH adjusted to 8.1 with acetic acid);
S0 M1 of 20% SDS; 50..ul of 10% dansyl chloride in acetome. The
mixture was left for 1 minute at room temperature and then
transferred to a boiling water bath for 5 minutes. For general
purposes 1011 of this mixture was added to the top of gel tube
and electrophoresis was carried out. When the protein concentration
was low, the final reaction mixture was added to a small volume of
7.5 TCA and the precipitated protein was dissolved in 157 SDS

for fupther analysis,



12,3

12.3.1

RESULTS AND DISCUSSION

Phosphorylation activity of normsl snd H.S. membrane

Membranes derived from H.S. snd normal red cells were
assayed for sndogenous phosphorylation in the preeence of ATP
and cAMP, The phosphorylated membrans proteins were isolsted
by SDS polyacrylamide gel electrophoresis snd bands (I & II) were
cut into one piece, dissolved and counted for 329 incorporation.

Time course studies showsd that the phosphorylation of H.S.
membrsne (fig 12.1 and table 12.1) gives a similar pattern to that
obtained with normal membrane (ses fig 10.3). The results of H.S.
phosphorylation were highly variable represented by different
levels of phosphorylation among H.S. patients and a coneietent
pattsrn could not be achieved constantly as indicated by the
elevated standard deviation values as shown in table 12.1. The
maximum level of phosphorylation of H.S. membrane was reachsd at
40 to 45 minutee of incubation and it was 0.302 + 0.090 nmole
phosphate bound per mg protein. The maximum level of phospho-
rylation in the H.S. tends to be generally lower but because o7
the large deviations involved, it is not significantly differsnt
from normal (0,373 + 0.053) at the P = 0,05 level (student t-
distribution for the values of phosphorylation at 30, 40, and
50 minutes for normal and H.S. compared).

The initial linear velocity was similar to that of the normal
at concentration of ATP used (S}AM) in this experimsnt, All
patients investigated in this study had typical type of H.S.

and wers all splensctomised. Thersfore lowersd phosphorylation
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Table 12.1 Phosphorylation of HS red cell membrane.

Time Activity: nmoles P1 bound/mg membrane protein.
(mins) subjects
1 2 3 4 5 6 Mean + 18D
3 0.052 0.029 0.035 0.038 0.046 0.041 0.040
+ 0.008
5 0.082 0.052 0.068 0.099 0.065 0.043% 0.069
_ + 0.20

10 0.203% 0.198 0.166 0.130 0.083 0.088 0.145

+ 0.053
20 0.222 0.283% 0.368 0.166 0.257 0.096 0.232

+ 0.095
30 0.281 0.321 0.348 0.150 0.229 0.107 0.240

+ 0.096
40 0.418 0.218 0.%95 0.263 0.311 0.205 0.302

+ 0.090
50 0.244 0.195 0.3%44 0.252 0.308 0.197 0.257

+ 0.059
60 0.224 0.262 0.335 0.156 0.312 0.170 0.243

+ 0.073
90 0.3%51 0.325 0.276 0.187 0.309 0.158 0.269

+ 0.080

= LGL =



maxima could not be due to elevated reticulocytes (see section 11

for phosphorylation activity in young and old red blood cells).

12,3.2  SDS_polyacrylamide gel slectrophoresis of phosphorylated

membranes from H.S. and normal red cells

The incorporation of 32Pi in band (I & II) represents the
total activity of both bands cut from the gel in one piecs.
Table 12.2 and 12,3 show the values of Pi incorporation in band
(I & II) for normal and H.S. respectively during the time period
of incubation selected. The results are expressed as pmoles
of phosphate bound per mg protsein.

The patterns of phosphorylation of band (I & II) of normal
and HeS. are shown in figs 12.2 and 12.3 respsctively. The initial
rats of phosphorylation of H.S. band (I & II) is approximately
1.1 pmole phosphate bound psr mg membrane protein per minuts
whereas that for normal the value is 2,92 pmole phosphats bound
per mg membrane protein per minute.

Linsar regression analysis for the initial velocity was
not carried out since the H.S. gsl pattern clearly showed non--
linear bshaviour. It is noticed that for the time periods of
3, 5 and 1D minutes the standard dsviation values for sach group
do not overlap to any extent (n = 6 for sach point). Dephospho-
rylation was shown to occur at 30 minutes of incubation in both
normal and H.S. samples followed by rephosphorylation which
reached a peak at 45 minutes and continued to dephosphorylate
thersatter. Therefore two maximal phosphorylation levels ars

observed as shown in Tigs 12.2 and 12.3 with the level oT H.S.



Table 12.2 Phosphate incorporated in gel slices of band (I &II) of HS red cell membrane.
Results are expressed as mg protein of original membrane loaded onto the gel.
Each value is a mean of two determinations.

Time Activity pmole Pi bound/mg membrane protein
(mins) subjects
1 2 3 4 5 6 Mean + 18D
3 2.2 1.7 2.9 3.2 5.2 1.9 2.8
1.3
5 6.7 3.9 10.2 14.3 7.3 5.8 8.1 !

+3.8 g

10 6.3 8.3 11.7 15.6 14.5 8.9 10.9 !
+35.7

20 16.0 16.0 22.6 30.2 25.5 24.3 22.5
+5.6

30 6.8 3.5 3.8 2.6 5.4 4.1 4.4
+1.5

40 31.0 29.0 23.7 25.1 23.3 21.2 25.7
+5.7

50 18.3 21.3 15.3 12.3 10.9 14.1 15.4
+3.8

60 13.2 15.0 10.1 9.2 4.5 7.3 9.9
+5.8

90 8.4 9.3 4.4 6.0 2.6 6.8 6.3
+2.5



Phosphate incorporated in gel slices of band (I & II) of normal membrane.
Results are expressed as per mg protein of original membrane loaded onto

the gel.

Fach value is a mean of two determinations.

Activity: pmoles Pi bound/mg membrane protein

Table 12.3
Time
(mins)
1
) 6.3
5 11.1
10 17.6
20 22.3
30 5.2
40 28.4
50 21.2
60 19.3
90 8.4

8.3

32.9

28.5

25.4

14.4

subjects

3 4

9.19 8.9
17.4 13.3
2l.4 17.3
41.3 29.7
15.3 10.62
29.6 4.2
35.7 2.1
28.8 29.4
23.4 17.3

5.9

15.4

23.3

32.5

16.4

35.7

28.3

25.8

15.4

7.3

19.3

20.2

28.5

12.3

39.3

25.5

22.3

9.7

Mean + ISD

6.7
+2.5

14.6
+3.4

19.2
t3.0

27.3
+5.05

11.34
+4.3

33.4
+4.0

28.5
+5.1

25.8
+5.0

14.7
5.4

1
v



28 -

pMoles
phosphate

bound per

mg membrane 24
protein

used for
electrophoresis20

16

12

Fig 12,2

o
O
T C
) -
| 3
§/T % L
T T T T T 1
10 20 30 40 50 60

Incubation time in minutes

Phosphorylation of band (I & II) from SDS polyacrylamide gel.
of HS red blood cells (six subjects, single determinations).

Mémbranes derived from samples

- 56l =



pMoles phosphats 32 — _
bound per mg (
original membrane
protein electro=-
phoresed. 287 _ ®
24 -
‘ L
T
[ ]
o T/l
® -
wl )
/ I
o |
s L
o/l

= g6l -

¥ T ] T I
10 20 30 40 50

Time of incubation in minutes

Fig 12.3 Phosphorylation of band (I & II)-in normal red cell membranes. (Six subjects,

-t

60

single determination).



- 107 -

being consistently lower.

Since the activity measured was only greater than back-
ground by a factor of 2 or 3, it was important to find an
alternative procedure to that of the Coomasie blue described
(section 15.2) which normally requires 3 to 4 days. Further,
dissolution of the gel slices with H202 may require additional
day or two. Since the half-life of the isotope 32P is approximately
14 days, the rapid method of labelling protein with the fluor-
escent dye (dansyl chloride) was used. This gave immediate
visualisation under the u.v. light. Visualisation and band
isolation were carried out immediately aftsr slectrophoresis
since diffusion of hands was obssrved to take place when gels

vere left to stand for 2 to 3 hrs.
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SECTLON 13

PROTEIN KINASE KINETICS

The membranes of the red cells were shown to exhibit the
ability for endogenous phosphorylation in the presence of cAMP
and ATP., This phosphorylation is catalysed by tﬁe enzyme protein
kinase. The enzyme protein kinase responsible for the phospho-
rylation of the membrane protein component is located on the
inner surface of the membrane and approximately 70% of the total
cAMP-dependent activity could be extracted by suspension in
high salt concentrations (Rubin, st al, 1972). However, this enzyme
when extracted, could catalyse the phosphorylation of exogenous
substrates, particularly histone (Section 10.3). In this section
the phosphorylation behaviour of the membranes of H.S. and
normal subjects are investigated and the Lineswsaver-Burk plots
showed interesting and distinctive kinetic features for H.S.
individuals as well as for one family of H.S. patients compared
to that of normal. The membrans-bound protein kinases of these
sub jects were extracted and their kinetics were studied using

histone as the phosphate acceptor.

METHODS

Preparation of the membrans

Blood was drawn from H.S. patients and normal subjects in
CPD bottles, The membrane was prepared the same day according
to Dodge &t al (1963) as described in Section 7.1. The final
sediment was suspended in cold 5mM phosphate buffer pH 8.0 to

a protein concentration of 2 - 3 mg/ml and the samples were stored
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13143
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at -Zﬂot until required. The samples were used within the

first two weeks of storags.

The phosphorylation assay

The membranes were thawed once and phosphorylated in the
presence of ATP and:cAMP as described in ssction 9.1. The
activity was measured by the amount of the 32Pi bound to the membrane
components. When protein kinase was extracted From the membrane,
histone was used as the phosphate acceptor protein and the
phosphorylation procedure was carried out exactly as for the

membrane samples.

Extraction of the protein kinase

The extraction of this enzyme from the membrane was carried
out by modification of the proeedure described by Rubin gt al
(1972) as shown in fig 13.1. The membranes were thawed once
before use and 1lml was suspended in 2,7mls of 1M NH401 containing
1% BSA for 2 hrs at 4°C uith gentle stirring. The suspension
was centrifuged for 30 mins at 30,000 rpm in MSE superspeed 75
using 8 x 50 ml rotor. The supernatant was dialysed against
500 volumes of 50mM phosphate buffer ¢pH 7.0) at 4T overnight
with two changes of the buffer. The supernatant was kept at
-Zﬂcb after dialysis until required, The activity of this
enzyme was stable under such storage conditions over the period

it was used,
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Fig 13.1 Flow diagram for the extraction procedure of membrane
bound protein kinase from the red cell membrane.



13.2 RESULTS AND DISCUSSION

13.2.1 Assay conditions

Attempt was made to ensurs that only linear rate of
phosphorylation was measured.

A time courss of phoasphorylation for both normal and
HeSe. red cell membrane is prasented in fig 10.3 and 12.1.

It is observed that the reaction rates wers normally linear
in both instancas for up to at lesast 10 minutes. Many resadings
were rejected due to nonelinearity of the reaction.

For these studies the commercially available gamma=labslled
AT3ZP was used. Each batch was tested on a dowex column for
purity and level of 32p;i as described in section 7e2.24
Although the level of labelled AT32P was very low, it was
included in the calculations for the total ATP concentrations

in the medium.

13.2.2 Kinetics of normal and H.S. red cell membrans phosphorylation

The velocity was calculataed as the amount of phosphate
(in nmoles) bound per mg protein per minute. The line fitted
to the plots of ;/u versus ;/s was determined by linear regression
analysis on Hewlett Packard calculator model 10A. The
programme used and also the various statistical parameters
are shown in appendix. Using thesse values, the variance and
slope of the regression line was compared according to the
statistics presented in Documenta Giegy, p. 176 - 178,
These values are presentad in tables 13.1 and 13.2. The
linzueaver~-Burk plbts for normal and H.S. membrane are choun in

" fi0 13.2 and figs 132.3 and 12.4 cecpoctively.
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Each value is a mean of two determinations.

88

85.
66.
7.
4l.
35.
37
38.
31.
18.
26.

.l

1

b
4

7
2
8

4

>

a

1

(nmoles phosphate bound per

Subjects

2 3 4 5 6 7
100.2  110.1 95.3 85.7 108.4 88.
70.8 69.3 87.4 111.9 91.9 68.
68.5 70.0 79.2 85.2 62.7 73.
53.4 60.8 64.2 39.8 36.4 67.
43.9 56.0 40.5 54.6 50.3 44.
24.8 39.3 43.8 24.3 38.5 a7.
33.6 21.1 32.7 20.5 39.7 40.
20.2 18.4 22,1 32.6 34.3 15.
5.4 24,3 36.4 34.2 29.7 22,
31.3 22.1 18.4 34.5 16.9 34.
14.4 18.3 27.9 15.0 20.3 19.

Table 13+1Reciprocal values of ATP concentration used and velocity of normal cell membrane.

mg membrane protein per min) %

O

w N VW W

80.3
98.4
78.8
51.
48.
37.
20.

ANV

Wk

24.
21.2
19,3

13.2

75.9
9l1.8

8l.8
56.1
39.8
40.4
4.3
11.8
21.8
21.9

26.7

MEAN
92.5
856.1

74.0

"51.9

46,6
36.8
33.1

24.

o

28.7
24,1

20.1
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5.6
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and Umax 0.118nM/mg/min, Each point is a mean of at least six determinations. (+ 1SD shown).
Seven typical splensectomised patients studied.



Table 15.2 Reciprocal values of substrate ATP and velocity for red cell membrane
phosphorylation of H.S. subjects. Each value is a mean of two determinations.

1

TP M (nmoles phosphate bound per mg protein per min)-l
SubJects.
1 2 3 4 5 6 7 MEAN + 18D

0.430 155.8 163.2 171.1 142.0 150.8 125.4 178.3 149.5 18.4

0.400 131.8 140.5 140.7 133.6 128.3 170.9 143.2 141.3 14.8
0.300 84.9 101.9 90.4  120.1 91.0 110.7 115.6 102.1  13.8
0.233 71.2 83.4 75.5 95.7 8l.2 65.3 88.1 80.9 9.7
0.200 61.6 84 .4 71.4 81.0 68.3 60.9 56.4 69.1 10.6

0.160 62.3 63.1 75.0 62.7 49.8 58.9 5%.6 60.8 8.1

0.120 35.7 33.1 42.4 38.3 48.1 54.4 39.1 48,2 7.4
0.100 33.3 40.6 42.4 38.9 37.7 50.1 48.5 41.6 6.0
0.099 51.5 39.8 52.5 42.9 30.4 36.2 41.0 42.0 7.9
0.070 32.2 24.9 28.7 38.0 33.6 41.9 32.0 32.2 6.2

0.050 28.2 22.2 25.1 24.8 22.1 24.8 29.3 25.1 4.5

- 80¢ -



The value of VU'max for normal membrane phosphorylation
was found to be 0.120 nmole phosphate bound per mg protein
psr min and that of the.H.S. was 0,118 nmole phosphate bound
per mg protein per minute.

The Km values for normal and H.S. membrane phosphorylation
was 24.7 and 39.3MM respectively. Analysis of the variances
showed that the two regression lines were different at the
P = 0.05 level.

A family of H.S. patients (mother and son) showsd kinstics
which wéra different from the rest of thes H.S5. patients etudied.
A positive co-opsrativity of the phosphorylation was noticed
(fig 13.4). The Km and Umax values of curvilinear regression
analysis was close to that of the rest of H.S. studied.

This indicates the existence of more than one interacting

phosphate receptor site on these H.S. (family) red cell membrane.

Double reciproeal plots for histone phosphorylation , using
extracted protein kinase, gives very similar values for normal
and H.S5. The Km value is 20.3 & 19.4uM ' ATP and the Umax

0.121& 0.120 respectively. The plots are shoun in Figs 13.5& 13.6,
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Table 13.3 Red cell membrane phosphorylation of family of H.S. using varying

concentrations of the substrate ATP. Each value is a mean of four determinatior

(ATPuMole)-1 (nmoles Pi bound per mg protein per min)-l Mean
Subjects
1 2

0.433 112.5 218.0 165.3

0.400 _ 125.8 125.0 125.4

0.300 96.9 97.4 97.2 ;
S 0.233 110.8 103.3 107.1 cx'n

0.200 64.0 68.1 66.1

0.160 4.5 44 .6 39.5

0.120 25.1 4.7 29.9

0.100 33.8 42.2 38.0

0.099 21.4 46.4 33.9

0.070 , 17.1 28.6 22.9
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Table 1%.4a Phosphorylation of histone by crude protein kinase
fraction extracted from normal red cell membrane
using varying concentrations of ATP. Each value is
mean of two determinations.

ﬁgPles nMoles Pi bound per mg -protein per min Mean + 1SD
° Subjects
1 2 3 4
) [}
0.100 110.9 109.4 107.5 139.4 114.7 £ 10.7 N
o
0.200 201 186.2 193.5 235.6 204 + 21.8 1
0.300 335.9 308.7 286.2 354.1 321.3 + 30

0.400 340.5 382.7 351.6 326.2 350.3 + 21.6



Table 13.4b Phosphorylation of histone by crude protein kinase
extract from normal membrane using varying concentration
of ATP. Each value is a mean of two determinations.

ATP nMoles Pi bound per mg protein per min Mean + 1SD-
uMoles Subjects !
N
1 2 pry
1
0.433 392.2 364.9 378.2
0.233 196.1 114.0 155.1
0.160 189.2 165.2 177.2
0.3:20 154.9 103.8 129.3
0.099 134 .2 95.2 114.7

0.070 127.3 89.4 108.3
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Table 13.5a Phosphorylation of histone by crude protein kinase
fraction extract of H.S. membrane using varying
concentrations of ATP. Each value is a mean of two
determinations.

ATP nMoles Pi bound per mg histone per min Mean + S.D;
WMoles Subjects

1 2 3 4
0.100 116.3 128.0 119.1 151.9 128.8 + 16
0.200 169.5 208 181.0 268 206.7 + 44.
0.300 256.0 313.2 297.0 360.5 306.9 + 43

0.400 287.3 383.9 318.7 419.5 352.4  60.2

- gl =



Table 13.5b Phosphorylation of histone by drude protein kinase
extract from H.S., membrane with varying concentrations
of ATP. Each value is a mean of two determinations.

ATP nMoles Pi bound per mg protein per min Mean + 1SD
WMoles Subjects
1 2 >
1
0.433 397.2 378.4 431.4 402.3 t 26.8 N
E-1
0.233 296.4 234 .1 248.8 259.7 + 32 !
0.160 210.5 145.6 167.2 174.4 + 33
0.120 183.8 114.8 117.2 138.4 + 38
0.099 155.3 87.5 100.2 114.2 t 36

0.070 135.1 72.8 70.5 92.8
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SECTION 14

- IODINATION STUDIES: ENZYME CATALYSED IODINATION

The labelling of proteins with 12°I, catalysed by the
enzyme lactoperoxidase, ie widely used in the studiee of the
vectorial arrangemsnt of membrans proteins eince ite firat
demonetration (Phillipe & Morison, 1971). The specificity
of tha labelling allowed it to be used as a tool to detect the
conformational changes of the protains as thsy undergo chemical
reactione with othsr substancss. For example, the conformational
changes ol ths horse hsact cytochroms c upon oxidation and
reduction were dstected due(to ths inaccsssibility of ones of
ite eubunits to the lactoperoxidaee catalyssd iodination, dﬁs
to the shift of theee eubunits upon reduction (Dickerson et al,
1971; Takao et al, 1973).

Therefore it is important to understand the actual mechanism
of halogenation in general and iodination in particular., Briefly
the halogénagion procees involvee.esveral stepe during which
intermediate complexes are formsd bstween the enzyme and the
halegen ione, the protein acceptor and the enzyme-halogen complex,
(Morrie & Hager, 1966; Hager gj.éi, 1966). The general resction

etepe can be represented as follouwe:

)
E + H202—————f§ EY + HZD
E' + X —— E' = X*
E' - X"+ A—E' =X - a

E' =X = A—— SR -X+E

Where E ie the snzyme, E' ie the oxidised enzyme, X is the halogen

iony and A is the acceptor protein. In this atudy, the X and E
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are iodine and lactoperoxidase respectively., E' appeare ae a
~ camman intermediate in all peroxidase reactione being derived
Ftom the interaction of the native protein E with hydragen
peroxide. The peroxidasee show broad specificity with reepect
to halogen acceptor molecule; the most impartant halogenated
amina acid being tyrosine in peptides. Since the halogene
themselves are good nucelaphiles, they can compete with tyroeine
for the reaction.

Preliminary studies on the lactoperoxidase mechaniem (Phillips
& Marieon, 1970) showed that the enzyme has two roles in the
reaction, The first is the oxidation of the halogen ion, i.s.
oonverting the iodine I~ to iodine 12 which can react non-
specifically with lipids or proteins non-enzymatically. The
eecond role is in the interaction of the enzyme - halogen camplex
with the protein acceptor (A), resulting in the ionisation of
(ffor example) the phenolic group of tyrosine to phenolate ion
which will react-with the iodids I'. The enzyme lactaoperaxidase
has a molecular weight of 78,000 daltons and doss not dissociate
into subunite (Phillips & Morison, 1970), therefare it cannot
penetrate the membranes of intact cells, Howsver, as mentioned
abavs, 12 praduced by the enzyme can penetrate the membranee
labelling the proteins on either sides as well as the lipids
caueing errors in the labelling estimation. This can be prevented
by 1ipid extractiaon prior to protein analysis,

In this study the lactoperoxidase catalysed labelling with
1251 wae employed to detect the canformational changee off the
praotein spectrin in the phasphorylated and non-phosphorylated
form. Since these changes could not be detected effdctively when

the intact membranes were used, the protein was isolated by SDS

gel electraophoresis before determination of iodination., The mast
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succsesful study was, however, when spectrin was iodinated

in the purified stats,

METHODS

Phoephorylation of membrane and extracted spectrin

The phosphorylation of the msmbrane and isolated spectrin
was carried out as described:in section 10.1. The incubation
period wae 20 minutes except for the time course studiee where
the reaction was carried out for ths time-period selected. The
iodination procedure was carried out at room temperature (22°C)

immediately after this incubation.

lodination of membranes and extracted spectrin

The membrane and extracted spectrin samples were labellsd
with 1251 following a modified procedure of Phillips & Morison
(1971). The labelling was carried out at room temperature in
a fume cupboard as follows. To one volume of the sample, two
volumes of the labelling solution were added. The labelling

solutione contained 150 mM NaCl, 10mM Trie, 19NNKI, 50 - 100

/b«Cilzsl psr ml, (17mC/mMgl”) and 100/49/m1 lactoperoxidase (specific

activity = 120 units/min ), The pH of thie solution was adjueted
to 7.4 with dilute HC1l before the addition of 1251 and the

enzyme, Immediately after the addition of the labelling solution
12 aliquots of 20 41 each of 2,3 mM H202 were added to each tube
at 30 eecond intervals, shaking the tubes after sach addition.
This mixture wss then left for S5 min before the addition of 20q/¢1
of 100 mM KI as a "cold chase", The reaction was stopped as®
follows; the membrane and isolated spectrin eamples being stopped

dif ferently,
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Saline washed
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Ghost membranes

Extracted 10 membrane
spectrin vesicles
Phosphorylation
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count for 1251 Electrophoresis
Band I & II
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for 1251

A flow chart for experiments carried out
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Stopping the iodination reaction for membrane samples

The reaction was stopped by addition of 3 mls of ice cold
buffered saline’' (155 mM NaCl in 7 mM Na,HPO4 buffer pH Te4)
and subsequently centrifuged at &c using MSE superspeed 75
in 10 x 10 mls rotor at 40,000 rpm for 20 min. The membranes
were washsd free of e;cess 1251 by repeating the centrifugation
procedure in the buffered ealine three times. The final sediment
was suspended in 0.2 ml of 1% SDS and aliquots of the suspenseion
was taken for counting in Pakard Tricarb-gamma spectrometer model

5898, The rest of the sample'mas kept for elsctrophorsesis.

Stopping the iodination reaction for spectrin

When extracted spsctrin was used the reaction was stopped
at 4°C by the addition of 0.2 ml of 0.63% BSA followed immediately
by the addition of 2 ml of 7.5% TCA. Further 2 ml of 7.5% TCA
made up in 10% suérose were pumped gently into the bottom of the
tubs via a fine plastic tubing linked to a plastic syringe (the
tubing was washed by shaking in cold TCA solution after each
addition.) The sucrose solution forms a clear lower layer and
the sample suspension was left in the top layer. The tubes
were centrifuged at 4°C on MSE Mistral 4L at approximately 2000 rpm
for 20 minutes, The supernatant was aspirated and the sediment
wae dieeolved in 0,2 ml of 1M ice cold NaOH. The eolubilieed"
material wae reprecipitated by addition of 2 ml of cold 5% TCA
and recentrifuged. This procedure was repeated three times and
the final pellet was suspended in 0.2 ml of 1M NaOH., 5001
aliquots were taken for counting in Packard Tricarb-gamma

spectrometer model 5898,
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14.1.5 Gel slectrophoresis of membrans and extracted spsctrin

Twenty microlitre of the final suspension from sither the
membrane or the‘extracted spectrin was added to IDHl of
solution containing: 1 mM EDTA, 10 mMTris pH 7.4, S5 mM fp~marcapto-
sthanol, 5% sucross and 1% pyronin Y; 20u1 of ghost membrane
(4mg/m1) was added as a marker and the solution was incubated
at 37 C for 25 - 50 min., Ten microlitre of this sample was
applied carsfully on top of sach gel and slsctrophoresis and
staining were carried out as described (section 15). Two msethods
werse used for cutting the gels: sither by staining and cutting
the bands by razor blade or by serial sections made with stacked
razor blades, 0.8 mm apart.,

The gel slices wesre placed in the bottom of the counting

vials and counted with 1ml of HZU in the gamma countser,
14,2 RESULTS

14.2,1 Estimation of the degree of interference of iodination procedure

with phosphorylation reaction of membrane and extracted spectrin

In moet experimsnts the samples were phosphorylated before
the iodination. It is thersefore important to determine whether
or not the iodination procedurs interferes with the phosphorylation
activity of the membrans proteins and extracted spectrin. The
phosphorylation was carried out for 10 min at 35°C and the sample
tubes were immediately iodinated at room temperature, For sach
samplse, the expsriment was carried out using gamma-32P labslled
ATP and unlabelled iodine and repsated again using unlabsllsd
ATP and radioactive iodine & 125, The samplss werse counted
according to the type of isetope used, The results ars pressnted

in table 14,1. Approximately 10% changs in the phosphorylation of
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Table 14.1 Change in phosphorylation activity on iodination.
Background was measured in absence of membrane and
spectrin and the result expressed as the Pi bound
to BSA. 1Isolated spectrin was used without
exogenous protein kinase. Results are expressed
with the appropriate background subtraction. Mean
of three determinations. None of the paired values
are significantly different at 5% level.

Phosphorylation activity:
nMoles phosphate bound per mg protein

Sample mean + 15D

Background 0.004 0,002

(iodinated)

Background 0.006 0.003

(non-iodinated)

Isolated spectrin 0. 21 0.004

(iodinated)

Isolated spectrin 0.22 0.004

(non-iodinated)

I0 prep 0.180 0.013

(iodinated)

IO prep 0.193 0.018

(non-iodinated)
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the protein in the prsssnce of iodins comparsd teo the ocontrol
which containsd no iodine was observsd. This may bs dus to
acceleration of ‘the dephosphorylation process upon iodination
or it may be due to interferencs with ths phosphate binding
sites on the protein, spsctrin. Howsvsr, the changs is not
significant as to pre&ent the uss of iodination for detection
of conformational changes of phosphorylatsd protein. All the
samples wers tested for their phosphorylation activity ueing
gamma-32P - ATP before starting iodination; this was dans
speacially for spectrin which tends to loss activity during 48

O
hours of etorage at é C.

Iodination of the phosphorylated and non-phosphorylated membrane

vesicles using fresze-thawed and non-frsezs-thawed I0 prsparations

Two differsnt typsa of 10 preparations were used. The IO
vasiclee were prepared as described in ssction B.1 and for eoms
preparations the phosphgrylation and iodination procedurs was
carriad out immsdiately, whilst ths rsst of thse preparatione wers
frozen and thawed beforse the phosphorylation and iodination
procedurass were carried out., This was dons to obsarve the
effact of the freszeasthawing (which render ths vssiclss leaky
to macromolsculss such as lactopsroxidass) on the sxtent of the

125I

labelling of the proteins with « Polyacrylamide gel

8lectrophoresis in SDS was carried out for sach sample and serial

gel elices (0.8 mm thick) wers made and counted for 125I a8

described in the text.

Table 14.2 repressnts ths amount of 125

I bound per mg protein
of I0 prep or extracted spectrin; it alsc rspresssnts the

percentage of labslling in the fresze-thawed and non-freeze



Table 14.2

Sample

Freeze-thawed
IO prep

IO prep

Iodination of freeze~thawed and non-freeze-thawed IO prep. Iodination
value in samples not phosphorylated taken as 100%. Mean of five single
determinations + 1SD.

S5uM ATP nmoles I bound per % change Student's t test
mg membrane protein . for unequal means
- 4.355 + 1.196 100.0
P < 0.05
+ 4.793 + 0.505 110.1
- 5.218 + 0.733 100.0
P < 0.05

-+

+ 3.526 0.376 109.6

P
Lo
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thawed preparation. The samples which were naot phosphorylated

were taken as control for determipation of the amount of

iodide bound to the mémbrane. The phosphorylated samples wers
compared with the controls for estimation of the differance

in iodide bound, and hence used as an indicator of extent of
differance in thas two states. When all freeze-~thawed I0 prep
rasults were compared with that of the non-freeze thawsd

prep, the latter showed significantly higher iodination

(P = 0.05). This is probably due to access of labelling

medium to both sides of the membrane in such a prep. This also
shows that the normal I0 prep is ssalsd. Howsver, with eithsr
type of prep, when thes iodide bound in the phasphorylated membrame
is compared to its appropriaete control, no significant difference

was found.

14.2.3 SDS polyacrylamide gel slectrophorssis for phosphorylated and

non-phosphorylated preparations

This was carried out on the freeze-thawed preparations
only. The gels were sliced and counted for radioactivity as
described in the text. Fig 142 represents the cpm of 125I
incorporated in sach slice. It was found that spectrin bands I
& II which comprise slices 3 to 6 had incorporated low label

compared te thes lactoperoxidasse and the BSA where most of the 125

I
was incorporated. This applies to all samples, althaough slight
difference in the sxtent of labelling in the phasphorylated and the

non-phosphorylated form of the freeze-thawed preparations wae noticed.

When the other maethod of gel slicing was followad i.s. by cutting
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the first two bands from top of the gel after etaining, the
difference in the extent of labelling of the phosphorylated and
noﬁ-phospharylgtad gpectrin wss more evidenf,. ' ST,
R These resulbke are in sgresment with Selhi and White

(1875)° in thatbands are weakly labelled by 12°I. The high

incorporation of 1251 in the spectrin bands observed by Phillips
& Morison (1971) could be explained as dus to overloading of the
gels which led to immobilisation of the proteine and accumulation

in the spectrin region, as is apparent from the staining and

counting procedure presented by these authors.

Effect of calcium ions on the iodination of membrane proteins

The labelling experiments were carried out for the freeze-
thawed preparations only,as described in.the text in the presence
of Ca?* at final concentrations of 0.2, 0.5 and 2mM. The samples
were counted and subjected to electrophoresis. Gels were stained
and bands I & II were cut as a single slice and counted. Table
14,3 showe the percentags change in the labelling of 1251 of the
phosphorylated and non-phosphorylated 10 preparations, taking the
samples which:contain no ATP as 100%. The table alao shows that
the percentage of lsbelling decreased as Caz+ concentretion increases
up to 0.5 mM then at 2 mM the labelling increasee agdin. It
could be explained thatuCaz+ exerts an inhibitory effect. It
either interferes with the phosphorylation of epectrin or it
indwees conformational changes in the protein in a way which makes
it less accsssible to the label. Hgwever, at Ca2+ concentration
of 2 mM thé labelling increases again. It should be borne int

mind that at this concentration spectrin Ca2+ ATPese is activated

(Roeenthal et @l, 1970). Thersefore the increase in the labelling



Table 14.3

[5a2i7 mM

2.0

Effect of phosphorylation on iodination

I0 prep at different Ca2t concentrations.
ATP present in the phosphorylation stage.
are significantly different at 5% level.

determinations.

ATP nmoles iodide
bound per mg protein
mean + 1SD

_ 0.016 + 0.002
+ 0.020 + 0.002
- 0.018 + 0,001
+ 0.020 + 0.001
- 0.023 + 0.002
+ 0.025 + 0.001
- ‘ 0.019 + 0,001

+ 0.026 +

0.002

of freeze-thaw
- ATP indicates no
All pairs of values
Mean of four

% change in labelling-
taking - ATP as 100%

125

=Ll -

111

109

137
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of spectrin may be dus to +  the activity of

2+
. Ca ATPase which induces conformational changes.

Fige. 14.3 shows the incorporation of 1251 in bands I & II

at the Caz+ concentration used, showing increased inhibition of

the labeliling by Ca2+ up to 0.5 mM,

Iodination of the phosphorylated and non-phosphorylated extracted
spectrin

The epectrin was extracted from membranes prepared fram
fresh or autdated normal blood as described in section 10.1l.
The extracted spectrin was used within 48 hr following ite
extraction and storage at 4 C. The spectrin samples were
phosphorylated aver a time period of 0,3,5,10,20,40,60, minutese
and subjedfed to iodination immediatsly. The samples wers
electrophoresed, stained and bands I & II were cut and counted..:
Ths number of nmoles of I bound to one nmole and one mg of
spectrin was calculated as shown in F4g 14.4. The amount of
spectrin that bound to one nmole of ‘I was also calculated. Fram
thie table it is noticed that the amount of I bound per mg
epectrin varies with the time., However, the maximum amount of

1251 wae incorporated after 10 min inoubation. Fig 14.4 repreaents

the nmolee of epectrin that bind one mole of 1251 during the time
coures of phosphorylation, It is clear that incorporation was
maximum at 10 min and decreasee with time to be equal for the
phospbbrylated and non~-phospharylated spectrin. It increasss
slightly forming a plateau over the second 30 minutee. The
confoemational changes as monitored by the extent of 1251 labelling
ie apparently time dependent. The increaseinlabelling at ths

period of 10 - 20 minutes reflect the changes accurring when

phosphorylation is also at its highsst level (ses fig 10.)
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SECTION 15

GEL ELECTROPHORESIS

Sodium dodecyl sulphate gel electropheresis is a widely
used method for separation of different protein amcording to
their molecular weight. Sodium dodecyl sulphate SDS causes
braakdﬁwn of the prn£ein into its subunits by attacking the
hydrophobic interaction leaving negative net charge on the protein.
When such protein is placed on a porous matrix such as poly-
acrylamide gels and a voltage is applied, it will migrate from
the cathode to the anode. The rate of migration depends on the
size of the protein and hance the molecular weight could bse
determined by comparing the relative mobility of a particular
protein with that of a proteoin with known moleoular weight. Thse
size of the gel pores depend on the cross-linking between
acrylamide and bisacrylamida.

In this section 5D5 polyacrylamide gel electrophoresis was
usad to obtain a characteristic pattern of migration or
certain membrane proteins of the red cell. The method used is

essantially bhat o” Fairbank et al, (1971).

REAGENTS AND METHODS

Concentrated Bisacrylamide

Bieacrylamide 1.5 gm
Acrylamids 40 gm
Both reagents were dissolved with distilled water and made up

to 100 mi.

x10 buffer

This was prepared as a stock=solution and kept at room
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temperature. It contained the following:
Tris 0.4M
Na acetate 0.2M
EDTA 0.02M
One litre of the solution was made up and the pH was adjusted to

7.4 with acetic acid,

Gel mixture

Far 10 ml of gel mixture the faollowing are added in the

arder indicated:

Concentrated bisacrylamide 14 ml
X 10 buffer 1.0 ml
20% (uw/v) SOS 0.5 ml
distilled H20 5.6 ml
1.5% ammonium persulphate 1.0 ml
0.5% TEMED ' 0.5 ml

Overlay solution
This was made 0,1% in SDS; 0.15% in ammonium persulphate and

0.05% in TEMED using the above reagents.

Electropheresis buffer

x 10 buffer 100m1
20% w/v SDS 50 ml

Made up to one litre with distilled HZD'

Membrane suspension

0.5 to 1 mg membrane protein was suspended in a solution

containing the following final concentration:



1% w/v SOS

45 - 10% w/y sucrose

10mm tris/Hel (pH 8.0)
ImM EDTA

5mM ' @ -mercaptosthanol
lODHg/hl tracer-dye pyronin-y

A stock solution (x 10) of the above reagents was made and

added to the membrane samples. The suspension was incubated at
37°C for 20 to 30 minutes before electrophoresis., Uniform bore
glase tubes of 6mm internal diameter and 80mm long were used.

The tubes wsre washed with water and soaked overnight with
concentrated nitric acid., The tubes were rinsed several timee
with diatilled watsr and sither dried in the oven or rinsed with
acetone and left to dry at room tempsraturs. O0One end of each

tube was ssaled with parafilm and held in vertical position in a
rubber holdsr. The gel mixtufa was made up and degassed under
vacuum and 1.2 ml was added carefully to each tube using the Sml
Gilson adjustable pipett. 2Pl of the overlay solution was added
on top of each gel and the tubes wers left to polymsrise in
vertical position for 45 minutes at room temperaturs. The overlay
was drained by inverfing the gel tubes. Electrophoresis buffer
was added to the top of the gels and the tubses werse 1left to
polymerise for at least 12 hrs beforse uee. The gels could be

kept at room temperaturs with the buffer always on the top to
prevent dryness and shrinkage., The membrane suspeneion containing
10 to 20rlg of membrane protein was layered carsefully on top of

the gel and the electrophoresis was carried out at conetant
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voltage gradient of 10 v/bm with a currsnt of 8mA/tubs,

Tha tims requirsd for electrophoresis was 45 minutae or the
electrophoresie was allowad to continue until the tracer-dye
had migrated two-thirds the length of the gsl. The gels were
taken out carafully from the tubes by injecting water between
the gel and the side af the tube, taking cars not to damage

the gel. The poeition of the tracer-dye was marked by pricking

the gel with fine needle dipped in ink.

STAINING PROCEDURE

Tha staining procedure can be summarised in three etaps:
1. Tha gels were stained overnight with 25% w/v isopropyl

alcohol, 10% v/b acetic acid and 0.025% w/v Coomasie blua.
2, The gels were transferred into a solution containing 10%

v/v isopropyl alcobol, 10% v/v acetic acid end 0,0025%

w/v Coomasie blue and laeft in this solution for 9 to 12 hours.

3. Destaining was cerried ou£ ovarnight with 10% v/v acetic
acid only with two changee of the solution.

During the staining end destaining procedure the gals ware put

in plastic universal tubes and left to rotete gently to enaure

complete staining end destaining.
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15.2 RESULT AND DISCUSSION

15.2.1 Normal and H.S. membrane ghosts; extracted spectrin and protein

kinase

Normal and H.S. red cell membranes wers prepared as described
in section 7.1. Figs 15.1 and 15.2 shows the SDS polyacrylamide
gel electrophoresis for normal and H.S5. membrane ghosts.

Gel scans (using Giford Linear transport system linked to
Gilford accessory and Pye Unicem monochromator at 540 nm)
are also shouwn.

No qualitative difference between the normal and H.S.
membrane scans were obssrved. When extracted spectrin is
compared (Figs 15.3 and 15.4 respectively) it is observed that
the only qualitative différence is in the level of protein
extracted.

The level of extracted erude protein kinase appears similar
in both normal and H.S5. (fig 15.5 and 15.6). The intense

band is due to BSA used in the extraction procedure.
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Fig 15,2 H.S. membrane ghost

Mormal mambrane chost

Fig 15.1
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Fig 15,3 Extracted spectrin from normal membrane Fig 15.4 Extracted spectrin from H.S. membrane
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Crude extract of protein kinase

Fig 15.5 Crude extract of protein kinase from Fig 15,6
from -H.5. membrane

normal membrane
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Extraction of spectrin

The supernates from spectrin extraction (fig 10.2) I, II
and III are shouwn in fiés 15.7, 15.8 and 18.9 respectively.

All supernates were more than 48 hrs old. Fresh samples give
similar pattern except for supernate I which is identical to
supernate II. Although:the spectrin may be degraded by action
of prote:olytic activity in fraction I, an alternative cause
is discussed in ssection 17.

The final sediment of the spectrin extraction mostly showed
an appsarance on SDS polyacrylamide gel electrophoresis similar
to that of normal membrane (fig 15.1), except for diminishes
band I and II protein scans. Sometimss, however, appearance as
shown in fig 15.10 was obtained, New bands were found at the
position of band II.l and II.2 which bear close resemblancs
to band I and 1I. The difference in molecular weight from band
I and 11 is approximately 30 x lD3 daltons. The reason for this

is not clear.
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Fig 15,7 Supernate I of spectrin extraction. Note fFig 15.8 Supernate II of spectrin extraction.
change in molecular weight of spectrin Sharp péak on RHS due to a tracker mark.

band I and II.



Fig 15.9 Supernate III of spectrin extraction.
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Final eediment of spectrin extraction.

Note

appearance of a sharp band 11,1 and I1.2.
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15.2.3 10 prep
Fig 15.11 shouws the pattern for the final I0 prep aftser

homogenisation and preincubation. It is similar to normal ghost
(fig 15.1) except for band III which appears rather mors
defined.

Using the supernate of the low ionic strength suspension
(fig 8.1a) no bands can be detected clearly. However, on
freeze drying and cencentrating the supernate by 20 times, the
pattern shown in fig 15.12 is obtained. Since majority of
proteins present in the ghost are presént it is possible that
selective elution of spectrin does not take place, but the
centrifugation procedure may be insufficisnt to removs small

membrane fragments.
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10 prep

Fig 15.11 shows the pattern for the final IO prep after
homogenisation and preincubation. It is similar to normal ghost
(fig 15.1) except for band III which appears rather more
defined,

Using the supernate of the low ionic strength suspension
(fig 8.1a) no bands can be detected clearly. Howsver, on
freeze drying and concentrating the supernate by 20 times, the
pattern shown in fig 15.12 is obtained. Since majority of
proteins present in the ghost are present it is possible that
gsalective elution of gpectrin does not take place, but the
centrifugation procedure may be insufficient to remgve small

membrane fragments.
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Fig 15,11 The final IO prep. Note proportion of Fig 15.12 The supernate of 10 suspension after . centri-
spectrin to rest of the protein is similar fugation and freezing (see flow chart fig 8.1a).
to that of normal membrane (fig 15.1). The supernate was concentrated twenty fold before

application. Note spectrin does not appsar to be
the only protein present or selectively sluted.



16.1

16'1.1

- 244

SECTION 16

ELECTRON MICROSCOPE STUDIES

The process of endocytosis and formation of membrane
vesiclee has been studied by many investigetors. It is poesible
that endocytosis can take place in two ways. Firstly, energieed
endocytosie requiring ATP and certain cations can take place.
Penniston and Green (1968) have proposed a model in which ATP
is thought bo energise plasma membranes for endocytosis to take
place. Secondly, endocytosis can also occur by reducing bhe
ionic atrengéh of the medium surrounding the cells. Kotsumata
& Asal (1972) have discussed this type of endocytosis.

In this section electron microscopic technique was used to
investigate the type of membrane fragments end vesicles produced
during IO prep formation, end also whether endocytosis occure

2+

under expesrimental conditions, such es Ca“" uptake.

METHOD

Reagents
Fixative:
2.5% glutaraldehyde in 0.2M phosphate buffer, pH 7.2
Reein 1:
Equal proportions of TAAB resin and DDSA
Resin 2: '

Same as resin 1 but containing 2% of the eccelator, DMP.



16.1.2 Fixation
At sach step of I0 prep formation, the membrane was centrifuged
at 30,000 rpm for 30 minutes using MSE supsrspeed 75 centrifuge
and 10 x 10 ml rotor. The resulting pellets were fixed in
2.5% glutaraldshyde for 3 hours. The pellets wers left in 1 : 1
dilution of 0.2M cacodylats buffser, pH 7.2, and 0.5M sucrose
for one hour after first three ten minute rinses in the same

buffer.

16.1.3 Dshydration and smbedding

The pellets were dehydrated stepwise by suspending in 30,
50, 70 and 100% sthanol for at least 10 minutes sach. The
100% step was repsated thres times. The dshydrated pellets wsere
then suspesnded in propylene oxide twice for 15 minutes each.
Equal amounts of propylene oxide and resin 1 for 15 minutes.
The pellsts were then left overnight in resin 1 at 37 C with
constant gentle shaking. After blotting the pellets they uere
left in resin 2 for 9 hours.

The pellets were transferred to capsules, reein 2 poured
into the capsules, avoiding formation of air bubbles, and left

to polymerise at 60 C for 48 hours.

16.1.4 Sgectioning and staining

Ultrathin sections were mads using Reichert OMU3 microtome,

The sections (silver to gold in colour) were transferred to
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copper grids (400 mesh). The specimen was stained in uranyl
acetate for two minutes, washed with ethanol, and two drops
of lead citrate added. After leaving for 10 minutes, the grids

with the specimens wers thoroughly washed with distilled water.

Negative staining

This was normally carried out on samples of ghost membranes
or the I0 prep selected at random. This provided a quick means
of checking the contamination of ghosts with debris or bacteria.

It also gave an indication of the type of I0 prep obtained.

A drop of &° phosphotungstate ( pH 6.0 ) was added to a drop of

the membrane susponsion. After 30 seconds a part of the suspenetion

r
was transferod to a coppor grid , excess removed with filter paper,

K

and the sample allowsd to dry. The specimen was then examined in

the electron microscone.
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RESULTS AND DISCUSSION

The I0 prep was preparad as described previously (section
8.1) and at sach step the membrane was pelleted for slectron
microscopy.

Plate I shows a negatively stained preparation of red cell
membrane ghost which was normally obtained. At higher
magnification the double layer membrane can be observed with
a "fuzzy" layer at tho outside surfacs.

On suspension of the ghosts in low ionic strength phosphate
buffer, non-energised vesiculisation (endocytosis) can be
detected. This endocytosis is more evident after 1 hr suspension
and freeze-thawing the sediment membranes as shown in plate II.
The ghosts have changed to small vesicles. Some intact membrane
ghosts (with vesicles contained inside) are also seen. On
homogenisation these entrapped vesicles are readily released.

Plate III shows a higher magnification of plate II, showing
vegiculisation of ghost membrane. Entrapped vesicles ars
shown in plate IV. Penniston & Green (1968) also demonstrated
a similar endocytosis in presence of divalent cations and ATP.
Care must howsever be taken, since it is difficult to distinguish
between entrapped vesicle and attached endocytic formation. On
homogenisation such entrapped vesicles are normally not observed
and it is concluded that homagenisation may cause a relsase of

these vesicles from the parent membrane.



Plate I Negatively stained preparation of ghosts in 5mM
phosphate buffer as prepared by method of
Dodge et 21 (1963) .Magnification, 20520



Plate 11 Non-energised vesiculation of the ghosts using
ghosts diluted to 1 ¢ 9 m 0.5 mM phosphate buffer.
The sediment was freeze-thawed.



Higher magnification of plate II showing
vesiculisation of ghost membrane.

Plate TIT



Plate IV  Entrapped vesicles formed before homogenisation.
Macnifeation, 37621,
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Preliminary .studies on homogenisation, investigated sither
by density gradient centrifugation or by use of marker snzymes,
showsd variable level of 10 vesicls formation. For example
sonication even at low Watt output was found to be too severe;
hand-operated, loosely fitting dounce homogenisation and passags
of the membranss through various gaugs neédles, was found to
give low ID ve sicle yields. Homogenisation in MSE waring
blender at 4 full output (with medium size blades) was found
to be most satisfactory.

Plate V shows the effect of such homogenisation. Although
variableg size vesicles ars produced, fragmentation of membrane
is not extensive as when sonication is used. Homogenisation may
stimulate further vesicle formation from largser structurss
at this stage. Plate VI indicates that such vagsiculation may
be accelerated and completed rapidly when the preincubation
at 37 C is carried out.

Examination of ths IO prop after the preincubation period
indicates that the percentage of vesicles with the fuzzy
carbohydrate coat inside the vesicles is high. Precise calculation
of the percentage of I0 vesicles formed using this technique
requires more critical investigation.

Incubation for up to 1 hour after the preincubation step
appears to show no detectable difference in either vesicle

population or structure from that shown in plate VI.



Plate V¥ Effect of homogenisation on the frese-e~-thawed prep
using MSE waring blender et % full power.

Magnification, 63800,



Plate VI

e e

Preincubation at 37 € of the homogenised I0 prep.
Further incubation does not alter the vesicle (as
viewed under the electron microscope) for up to
1 hour. Magnification, 30780,
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GENERAL CONCLUSION AND DISCUSSION

2+
Reasone for study of Ca  transport and (gaz+ + Mng)_ATpagg

in the red cell membrane

Very few abnormalities have been demonstrated that

conclueively link the abnormality to a defect in the caZt
pump eystem of the humen red cell. Even the exietence of
variant forms of Caz+ pump activities have not been reported.
Another protein, epectrin, which exists in abundance on the
red cell membrane inner surface (Marchesi & Steer]968) has
been implicated in varioue forms of abnormalitiss. Howsver,
as yet no etudy has conclusively found a defect of the protein
related to the abnormality.
This vaet gap in clinical underetanding of esuch abnormalities
can only be bridged by thorough biochemical investigation of
the properties of euch a system. H.S. is a dieeasse in which
the abnormality is thought to reside either in a componsent of
the caz+ transport system or in the membrane protein spéctrin.
That the disease cannot be linked conclueively to sithser
or both (i.s. Ca?* traneport or epectrin) is dus to two facte.
Firetly, very little is known of the propertiee of the transport
processes and the biochemical structure and.functian of the
protein epectrin. Secondly, the molecular organisation of the
syetsm is not sufficiently underetood to be able to locate the

nature of the abnormality.



In the studies pressnted in this thesis, it was clear
that biochemical functions of both the Caz+ transport system
and spectrin must be understood or at least attempted to form
a basis for a more refined molecular investigation at some
other stages.

Caz+ transport activities and its associated ATPase were
initially investigated. The studiss involving ths use of
ionaphore were not attempted until towards the end of the study.
Excluding the use of the ionophore, the studies generally gave
unacceptable tools for investigation aof Ca2+ transport activities.
The results being so variable from one batch of normal m mbrane
to the next, it was decided that studies using blood from
patients suffering from H.S. disease was unwarranted. The use
of ionophore A23187 at very late stages in the studies (presentsd
together with the transport in the 10 vesicles for reasons aof
completeness) altered this situation. A tool for fairly accurately

2+ has been

investigating abnormal membrane transpaort of Ca
outlined.

The situation of studying spectrin was rather more complex.
The only biochemical reaction this protein demonetrates is that
of phospharylation by endagenous protein kinase in the presencs
of ATP and cAMP. The situation is made complex by the fact
that othsr components in the membrans also show an ability to
phosphorylate besides spectrin. It was decided to investigate
this general membrane phosphorylation behaviour with particular

reference to spectrin.
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Membrane phosphorylation appeared to give results which

were more consistent than Caz+ transport studies. The
phosphorylation behayviour of membrane isolated from H.S. patients
was etudied. Although a consistent pattern of a decreased
phosphorylation with time of H.S. membrane was noted compared

with normal, this decrease was not statistically significant

due to coneiderable overlap of standard deviations at the

plateau values of the phosphorylation. These high standard
deviatione were obtained due to . dephoephorylation process,

which did not characteristically occur at a particular time period,
but was distributed over a range of time.

It wae noted that the initial velocity of phosphorylation
was linear for both the H.S5. and normal membrane. Also as the
dephoephorylation etep seldom occured at this phass, thq etandard
deviation valuee were relatively small., The  phosphorylation
etep also appearsed to show a singls eubstrats-enzyme type of

reaction at this phase.

Lﬁagf,tANQZf) -~ ATPass studises

Uee of a particular method of membrane preparation eeeme
to have a great effect on the expression of many membrane bound
enzyme activities. Inclusion of EDTA in the haemolyeing medium
led to the increass of most enzyme activities, but membrane
fragmentation also occured (Weed et al, 1963). Also haemolysie

in ileotonic buffer produced sealed membrane preparation but any



exprassion of ths (Ca2+ + Mgz+) - ATPass activity could not

be abtained unless the haemolysis occured at 440C, (Hanahan, 1973).
The method of Dodge et al (1963) was found to be more rapid

and yieldedzsealed membrane preparation. This preparation

showed no activity for (Ca2+ + M92+) - ATPase until after
freeze~-thawing once.

The use of EGTA buffer system was essential particularly
when very low Ca?* concentrations were required. Accurate amount
of free Ca’t could bg obtained by the use of this system, after
the calculation of the concentration of the Ca-EGTA complex.

Ouabain is commonly used as an inhibitor of (Nat + k) -
ATPase, in most investigations on (Ca2+ + Mgz+) - ATPases.

In same instances in this study, particularly when assaying for
the (Ca2+ + M92+ + KY) or (Ca2+ + M92+ + Na*) - ATPases, it was
useful to use ouabain to suppress ths (Na+ + K¥)- ATPase activity
totally so that a more realistic control value could be obtainsd.
If this is not followed then the fras Caz+ ion {especially at
high concentrations) may inhibit the(Na® + k*)= ATPase to a

24+

considerabls sxtent. Since ths Ca is absent from the control

than the (Na* + K*) - ATPase activity may be actually higher than
ths Caz"' eamples.S'ubtraction of the control.values from the Caz+

samples leads to abnormally low (Caz+ + Mgz+) - ATPass activity.
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This is morelevident at high Ca2+ concentrations since
the effect of Ca?t is not significant on the (Na* + K*) - ATPase
at a micromolar level in the presence of millimolar quantities
of ATP. Mgz+ is essential for the activity of (Ca2+ + Mgz+) -
ATPase and it alone exhibited an ATPass activity (see fig 7.8).
Therefore this activity must be subtracted from ths total
activity. caZt only in the control could be used without the
presence of Mgz+ but negative results were obtained specially
at high concentration of CaZ+ (up to 2mM). This could be due
to the activation of the Ca-ATPase activity described by Rossnthal
et al (1970). This activity is not expressed in the experimental

2+ is present, eince Ngz+ was shown to inhibit

samples where Mg
this type of ATPase activity.

As discussed in section 3, there are various types of the
ATPasee which are stimulated by Caz*. For example the measurement
of the (Na® + K*) - ATPase is relatively simple in that ouabain
is available as a specific inhibitor of this enzyme, sven though
extreme cars must still be exercised in interpreting auﬁh
resulte (s.g. at various pH and ouabain concentration ). The
situation with Ca>* is different. Many types of M"Ca?'~ ATPasee
exist, A list of these may be as follows (section 3 providee
review of their existance): '

(a) low affinity (Caz+ + N92+) - ATPase operating maximally
at cal* concentrations of 0.1 to 0.2mM and requiring Mg2* for

its activity; once thought as an artifact of membrane preparation

(Schatzmann, 1973; Scharff, 1972).
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‘ 2+
(b) High affinity (Ca2+ + Mg~ ') - ATPase operating at

2+

maximal at levels of Ca“” in the range of 1 to 10 uM ( and

probably much less). This high affinity is belisved to be reepondible
for Ca2+ transport (Schatzmann & Rossi, 1971). It is thought
that the low affinity part of the enzyme may also participate
in the Ca2* transport mechanism (Quirst & Roufogalis, 1975).

(c) Low affinity Ca’* - ATPase operating maximally at CaZ*
concentration of 2mM and inhibited by Ngz+. It is belisved to
be associated with spectrin (Rosenthal et al, 1970).

(d) Low affinity (Ca2® + MgZ¥) - ATPase uhich showsd different
activitiee depending on the type of monovalent cation present.
Two typee of enzyme therefors exist (Ca2+ + Ngz+ + Nat)~ ATPaee
and (Ca2+ + MQ2+ + K+) - ATPasse, both operating at 0.1 to 0.2 mM
Ca2+- These enzymes have not been proven to participate in the
Ca2+ transport and are thought to be a result of uncoupling of
the (Na* + K™) _ ATPase in the presence of galt (schatzmann & Rossei,
1971).

In the above a, b and d all activities are dependent on the

2+, MQ2+ itself ehows an

preeence of MQ2+. In the absence of Ca
activity. This background activity is normally subtracted from
that in the presence of caZ* to give the (C82+ + m92+) component
of ATPaes. However, it is tacitedly assumed that the preeence

of Caz+ hae no effect on the Mgz+-ATPasa activity because, at the

preeent, there is no way to prove this or allow for it.
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In this study the possibility of existance of different
2+ 2+ s s .
(ca“” 4+ Mg”") - ATPases is investigated. It was found that
such types do exist. Na' enhances the activity of the (Ca2+ + Ngz+)
- ATPase more than K* does as it is clear from the greater

2+

initial velocity of the (Ca2+ + mg“t + nat) - ATPase reaction.

This activity is non-linear after about 10 minutes and decrseases

2 +
Y ik ) - ATPass

2+
rapidly and becomes less than that of (Ca~ + Mg
after 20 minutes of incubation. These abasrvations disagree with
that of Schatzmann & Rossi (1971) who showed lower reaction

2+ + Na+) - ATPass. This could be dus

velocity of the (Ca2+ + Mg
to measurement of the activity after 1 hr of incubation in.their
study.

In this field of research it is imperitive to have a spscific

inhibitor of the type of ATPase investigated. Although in section 7

3+ 3+

Ru and La

were used, these are fap from specific and fail in
suppressing the activity complstely. The Ki value (fig 7.10)
indicates that for full supression Ru1+ would have to be used
at many orders of magnitude higher than that for instanceof
ouabain. At present no inhibitor is as well characterised for thse
(Ca2+ + Ngz+) - ATPase as ouabain is for (Na¥ + K*) = ATPase.

In section 8, fig B.2 a, b and c shows that the red cell
membrane bind 0.45 nmole Caz+ per mg of membrane protein.
In the incubation tubes the binding would be 0.068 nmoles for
0.15 mg protein. In a reaction mixture of 2.5 ml total volumas
and at Ca2+ concentration of 50 g Molar, the change in Cazy due

to binding is neglfgible. Ffor Ca2+ concentration of O.lyMolar,

however, the inaccuracy in Ca2+ level ie 23% due to binding.
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Schatzmann &'ﬁoaai (1971) in their studies used a time
period of 60 minutes for incubation to measure the (Ca2+ + N92+) -
ATPase activities. This.is necessary when using releass of
inorganic phosphate from ATP as an assay method. It was shouwn
that under experimental conditions used in this study, the
reaction is no longer linear after 30 minutes of incubation.

Very short time could be used in this study for the estimation

of the (Ca2+ + Ngz+) - ATPase activity since a radio labelled
substrate was used (further advantage over the colorimetric method
is that background phosphate problems are not encountered).
Phosphate was constantly present since the membrane was prepared
in phosphats buffer. The release of the labellsd phosphate into

a pool of unlabelled phosphate also has an advantage that the

releassed phosphate reutilisation or binding is not a problem.
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2
ca“t TRANSPORT STUDIES

Since investigations of (Ca2+ + N92+) ~ ATPase were
directed towards establishing thse characteristics of the Ca2+
pump activities, it was considered that a more direct approach
may be more fruitful in face of the previous difficulties.

If uncertainties ars involved in determination of normal
values of transport ATPase, then it is unwarranted to drauw
conclusions about the activitdes of abnormal membrana.

It must bs clearly pointaed out that the most successful
method of Ca2t transport studies, that of use of EGTA buffers
using I0 prep with and without the ionophore A23187 in the
presence and absence of ATR, is capable of fairly accurate
transport measurements. This is suited for studies of abnormal
membranes. Unfortunately, the technique was evolved, after
refinement, much too late in the study for this to be poesiblse.

The homogenisation method which gave the highest level
of I0 vesicles {as measured by separation on dextran density
gradient, ses fig 9.1), in absence of M92+ was used throughout
the study. Of the various homogenisation procedures used for the
freeze-thawed 10 prep, the Warring blender (MSE) homogeniser
was found to be most suitable (at one third full output). The
orientation of the membrane vesicles was determined by dextran
density sedimentation or by estimating the activity of acetyl—
choline esterase activity. Homogenisation and prsincubation at
37°C for 20 minutes (see table 9.1) were also investigated in

a gsimilar manner.
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Uptake experiments using IO prep from the density gradient
separation gave no or very little accumulation of Ca2+ in the
presence of ATP, although the high affinity (Ca2+ + Ngz+) - ATPase
activity was present. If is possible that the prolonged
centrifugation or contact with dextran renders these vesicles
highly permeable. Although Kant & Steck (1972) have shown that
during the centrifugation these vesicles can retain na¥ or K+,
they have not conclusively shown that the permeability doss not
change after the vesicles have reached equilibrium position in
the gradient.

Since the Ca2t was aluways added to the incubation mixture
and accumulation of Ca’’ was measursd, it was unnecessary to
soparate the ID vesicles from the other membrane structurss in
order to study Ca2+ transport. Fig. 9.1 shows the percentage
of I0 vesicles present in the incubation medium under the
experimental conditions. Using this value calculation of
accumulation of c32+ due to mg of I0 vesicles protein is possible.

The uptake studiss wers performed with the incubation
mixture lacking ATP as a control for pas$ive diffusion. It was
found that the initial rate of flux was constant for approximately
10 minutes. If the accumulated Ca’* exceeds a valus of 2.2 nmole
per mg protein, then a rapid loss of the accumulated Caz+ was
obgserved. Figs B.2a, b and c show the possible modes of

accumulation and loss of Ca2+
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Theee studiss used Ca2+ at a concentration of 0.2 mM to
avoid uncertainties of low level of Ca2+. Studies using 50p M
2+
a

c showed that at this concentration the vesicles were accumulating

ca?t at a rate  four times higher than that obtained at O.2mM

2+. Thie indicates that some inhibition of Ca2+ transport

Ca
occured at 0.2mM caZ¥,

Variability of the efflux studies on the whole cells after
loading with ca?t (uwith aid of the ionophore A23187) to a lavel
of between approximately 0.9 to 2 mM may also be dus to Ca2+
inhibition of the transport (fig 8.1). Preliminary results
have shown, however, that this variability existed even with
intracellular Caz+ concentration as low as 50 to 70 ¢#Molar,

Uea of EGTA buffer system proved to be useful in preventing
loss of accumulated Caz+ from the I0 vesicles. Using this system
linearity of the uptake could be extended to about 15 minutes.
Accumulated Ca2+ was found to be over four fold in excess af
experiments carried out at 0.2mM in absence of EGTA (fig 8.3).

2+ was accumulated

Furthermore, in these experiments the Ca
againet its concentration gradient., Howswr, this system would
not allow estimation of ATP induced C82+binding to the membrans.
That ATP does cause an increased Caz+ binding te the membrane
was shouwn in figs 8.2 a, b and ¢ (also see Schatzmann, 1975).

2+

The initial gredient against which Ca“®" was being transported

in not accurately known. An additional control experiment in
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which ATP was present with the I0 prep was used in presence of
ionophore A23187. This allowed the calculation of the initial

C52+ gradient across the vesicles and the level of ATP induced

caZ* binding yas same as the sample with ATP but without

ionophore.

Calculation of the stoichiometric ratios

The stoichiametric ratio of the number of ions of Caz+

transported for one ATP molecule hydrolysed can be calculated.
for the intact cell this could be

Moles of Ca2* extruded from 1 litre of packed cells
SR =

Moles of ATP hydrolysed by the total cell membrans

Where SR is the stoichiometric ratio. The number of cells

per litre of packed cells was calculated from the blood indices.

The amount of membrane protein psr cell was determined by

measuring the amount of membrane protein from lml of blood.

- The Hb in various lyshtes were determined and from the blood

indices the number of cells per mg membrane protein was calculated.

Usiﬁg this method average mg protein per cell was 0.3956 x lU-g.

An average 1 litre of cells contained 1.2 x lD13 cells i.e.

4.7472 gmmembrans protein per 1.2 X 10° cells (or 1 litre).
From table B.%a the value of efflux from whole cells loaded

2+

with ca“t with the aid of ionophore A23187, was 0.08 i 0.035 mMole/

litre of packed cells / minute.



0.08
toepflux = mmols/mg protein/min.

4747,2

.'. Caz

= 16.85 nmole/mg protein

Taking the (Ca’’ + Mg2') - ATPase activity at 0.2mM Ca’® to
be D.DdBSt‘M/hg protein/min (section 7.2.5),

16.85
SR = = 2.93 + 1.28

48.5
A stochio metric ratio of lCa2+ ion transported per 2.93 4 1.28
molecules of ATP hydrolysed is obtained. The range is therefors
1 082+ ion transported per average of 3 ATP molecules hydrolysed.
Considering that the Ca2+ transport may be severely inhibited
by high intracellular Ca2+ (and thersfore the valus of ths ATPase
used in the calculation is high), the SR valus obtained appears
reasonable. However, in this experiment the passive Ca2+
diffusion was not allowed for in the calculation, and does
not significantly alter ths results. Repeating similar calculations
for the method used in section 8.2 i.e. using I0 prep without
a concentration gradient in absence of EGTA gives a value of

the stochiometric ratic of one C32+ ions transported per

182 + 28 mole of ATP hydrolysed (calculations shown in appsndix).
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However, when against the concentration gradient
experiment was carried out in presences of EGTA buffer system
at free Ca2+ cancentrétion of 50 pM, the SR was found to be
0.424, i.s. one Ca2+ ion transported per 2.4 moles of ATP
hydrolysed.

These stochiometric ratios clearly point out the difficulty
in transport ATPase activity measurements. This is that a
selective inhibitor of transport ATPase is not availabls.
Therefore to attribute the total ATP hydrolysis in a system
to the Ca’t pump is an error which is commonly made in the

literature and euch data should be treated with caution.



Stability of the vesicles

It ie imperative to know how the I0 prep behaves under

experimental conditions especially in the Ca2+

uptake studies.
Results in section 8 have indicated that the vesicles are
probably unetable, and can revert from one form to the other.
For example, it is important to know whether these vesicles
show uptake of incubation mixture by furthesr pinocytosis or not.
In most cases (especially the experiments against concentration
gradient), such pinocytotic behaviour would not cause any
alteration of final results, if the I0 vesicle volums remains
constant. However, in experiments in which the vesicles are
accumulating Ca2+ without the presence of a concentration
gradient, such pinocytotic behaviour would lead to erronous
results.

Initial studies in obtaining a pure fraction of I0 vesicles
(using dextran sedimentation technique) was hampered by the
observation that the vesicles showed no ability to accumulate
caZ*. The (Ca’t + mg®*) - ATPase activity (both the high and
low affinity) was found to be prssent in these vesicles. The
work of Kant & Steck (1972) showing that thsse vesicles are
impermeable to Nat or K* may be correct in that both radioactive
tracers were found in position of I0 and ﬁo vesicles. Howaver,
having attained this equilibrium position, it is necessary to

sadiment the various fractions to examine if the tracers are

truly sealsd. The inability of caZ* accumulation after the
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vegicles attain the equilibrium position in dextran density
gradient show that most probably the vesicles do not retain
their impermeability. Further, it was found that dextran -
like componds, such as inulin and sephadex, interfered with the
vesicle stability.

Acetylcholine esterase measurements of the I0 prep showed
that after preincubation for 20 minutes at 37°C, the percentage
of the enzyme activity remained essentially constant with time.
ATP only had an effect in the preincubation period and both
ATP with and without Caz+ had no effect on this level aof I0
vesicles after the initial preincubation. In studies using 2zNa+
for entrapment, it wae found that when ATP was present at 2mM
in the incubation medium, the I0 prep lost about 90% of ths
entrapped Na' over 135 minutes. This Na' loss was delayed by
the presence of Ca2+ in the incubation mixture with ATP. Uhen
Ca2+ was present at 2mM concentration, virtually no loes of Nat
was detected for the first 90 minutes in presence of 2mM ATP
(see fig 9.4).

The Nat is lost in the presence of ATP without any major
membrane alterations (as judged by acetylcholine measuremsnts).
Therefore, it is probable that channels are, created in the
vaesicles to allow passage of Na*. Since the loss of Na't is as
high as 80 to 90% of the entrapped Na+, the process must involve

both I0 and RO vesicles.
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The entrapment of l‘,‘C-inulin partly failed in deciding
whether these channels are large enough to allow the passage
of Nat 0nly bgcause inulin showed a destabilising effect on
the vesicles (see fig 9.6). Howsver, it is sesn that although
differance in the amount of inulin trapped exists in the absence
and presence of ATP at various Ca2+ concentrations, this differencs
is not significant. Since most of the inulin is not lost, the
experiment shows that inulin is probably not released in the
presance of ATP and (or) Ca2+. Hence the channels formed are
only sufficient to allow passage of Nat and not inulin. The loss
of accumulatedvca2+ in figs 8.2 a, b and c also show that these
channels may be non-specific in that Ca2+ is also able to leak

from the vesicles. That this accumulated Caz+ can be lost in

2+ 2+

presence of 0.2mM Ca“" and not jin 50 uM Ca“" is contrary to the
rasults obtained by Nat entrapment and cannot be explained.

That acetyl choline esterase show no changes in the ID to
RO conversion (or RO to I0) support the hypothesis that channels
are only sufficiently large enough to accommodate Nat or Ca2+
but not the enzyme substrats, Nbs.

Electron microscope study (section 16) have demonatrated that
after the initial preincubation period, very little or no "budding"
or pinocytosis of vesicles is noted. When 14C—inulin was added
to the vesicle preparation after homogenisation and preincubation,

very little radicactivity was found in the sediment of thesa

vesicles, after centrifuging through a 8% sucrose layer to ramove
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w_oo.oo.
excess C inulin.
However, as mentioned earlier, in soms Ca2+ uptake
experiments it was noted that after the loss of accumulated Ca2+

the level of Ca’t

in the IO prep was found to be less than

that in the controls. This indicated that an I0 to RO conversion
of the vesicles must have taken place to a small, but limited,
extent. Since the acetylcholine esterase assay is capable of
measuring such small changes (accuracy of about x 1%) an
equivalent amount of RO vesicles must have changed to IO to

avoid this detection. If this residual interconversion is taking

place throughout the uptake experiments, it has little effect

on the initial velocity of Ca2+ uptake.

Phosphorylation of the red csll membrane

In order to study the phosphorylation of spectrin in
membranes (band I & II of SDS gel electrophoresis), it is
necessary to study the general properties of phosphorylation of
the whole membrane. The phosphorylation experimente were carried
out as described in section 10.l. The incubation mixture
contained theophylline to inhibit the phosphodiesterase activity;
NaF at low concentrations inhibited the adenyl cyclass activity

and prevented further formation of cAMP at the axpense of ATP.



- 273 -

2+

EGTA was neceasary to chelate any contaminating Ca” and

prevent the (Ca2+ + M92+) - ATPase activity. K% salts were
eliminated to prevent activity of the (vat + k) - ATPase activity.
Under these conditions the reaction was linsar for up to
at least 10 minutes (fig 10.3). The reaction was studied over
60 minutes. The level of ATP decreased by approximately 30%
in the first 10 minutes and 65% at the end of 60 minutes.
The ATP is not a limiting factor in this reaction as evident
in some experiments where rephosphorylation occured after an
sarly dephosphorylation and since the maximum level of phospho-
rylation (0.06 nmole phosphate bound per 0.2 mg protein) was
much less than the level of ATP (2.5 nMoles) in the incubation
medium.
The phosphorylation of membrane proteins is catalysed
by cAMP dependent protein kinase. 1In table 10.2 it can be
seen that cAMP stimulatss the membrans phosphorylation by 80%.
Rate of linear phosphorylation under the standard assay
conditions was found to be 19.5 pMoles/min. The dephosphorylation
can be due to several processes. A phosphoprotein phosphatasse
could cause the liberation of the phosphate as in the synaptic
membranee. The phosphate could also be releassd as a phosphopeptids.
Also the phosphate may exchange from ons position to another,
i.e. from an acid stable phosphate recseptor to an acid unstable

receptor,
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These various activities could also bd occurring
simultaneously. The assay was stopped with 7.5% TCA and then
the resulting pellet was redissolvaed in NaOH. Therefore any
acyl phosphate bonds that are formed will not be detesctabls
since the phosphoacyl is unstable undar such extremss of pH.

The phosphorylated intermediate of the (Na+ + K+) - ATPasse
has been shown to be a phosphoacyl compound. This is not
assayed for since it is destroyed in the sampls washing procedure
with extremes of pH. The typess of phosphate bonding which are
stable to such treatment ares the phospho-serine and phospho=
threonine type of bonding. Roses & Appel, (1973a)have also
shown that the bonding is mainly of the phosphoserina typs for
the red cell membranes urdder the conditions of the expariment,
If in the phosphorylation reaction the phosphate were to be
transferred from, say a sarine residus to an acyl residus
anzymatically, this would show as a dephosphorylation reaction,
since for example, the phosphoacyl bond would be daatroyéd.

It must be mentioned that, as in the carbohydrate metabolism,

transfar of a phosphate from a serine or threoninse group to an
acyl group is ensergetically unfavourable and requires further

use of ATP.

That such acid labils transfer must be regarded seriously,
is indicated by the phosphorylation of band (I & II) from

normal membrane with time. A characteristic dephosphorylation



is svident at about 20 to 30 minutss of incubation. (In some
samples another dephosphorylation was noted at about 5 minutes).
I1f the membrane phosphorylation of fig 10.3 is superimposed on
band (I & II) phosphorylation, it .is noticed that the difference
betwsan the two would give an extra peak of phosphorylation to
the membrane minus band (I & II) proteins. Such analysis
makes the case of transfer of phosphate from one protein to
another seem possibls.

For band (I & II) the maximum level of phosphorylation
was in the region of 20 pmoles phosphate bound per mg original
membrans protein. It appears that spectrin band (I & II)
incorporates less than 10% of the phosphate of the total membrans
protein.

If band (I & II) constitute about }/5 of the membrane protein
and has a molecular weight of 430,000 daltons, then 0.065 M
phosphate is bound per mole of spectrin. This is twice the
number of moles of iodide bound per mole of spactrin (as will
be discussed later in this section). Assuming each phosphatse is
bound to an identical peptide of spsctrin, this would give a
molecular weight of 6.45 x 106 daltons for the spectrin phospha=-

peptide. (Howsvasr, ueing extracted spsctrin the figurs is

13. % 10° daltons).
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Phosphorylation of H.S. membrane

When SDS polyacrylamidé gel slectrophoresis of normal and
H.8. membrane is comparéd, it is evident that band (I & II) do
not show a decrease in the gel scans relativity to other membrane
components. Although this is a semiquantitative method, it
shows no reaeon for suspecting that total protein band (I & II)
of H.S5. red cell membrane (relative to the rest of membrane
proteins) is any different from normal.

H.S. membrane phosphorylation showed lower level of
phosphorylation compared to that of normal (see fig 12.1 and
18,3). This difference is not significant due to large standard
deviation values in the plateau region. When band (I & II) are
compared, the H.S. samples showed a decreased level of phospho-
rylation at the two peaks and the difference at these points is
significant at a P = 0.05 level (using Student t test).

The study also ruled out the possibility that, in the
frea state, the protein kinase is altered for membrane phoepho-
rylation. Results indicated that the membrane proteins receptor
for the phosphate may be altered.

An alternative that the abnormality lies in some other
component (rather tnan the phoephate receptor proteine) which
alter membrane bound protein kinase activi£y is remote. Extracted
spectrin from H.S. and normals still showed difference in the

phoephorylation activity (the H.S. spectrin showad immeasurably



- 277 -~

low lsvel of phosphorylation under the experimental conditione
used with three different samples extracted from different H.S.

membrans samples sven when exogenous protein kinase was used.

Phosphorylation of membrane derived from red cells in differsnt

gtages of maturity

Endogenous phosphorylation activity of membranss preparsd
from the bottom layer cells was found to be1}folds higher than
that of membrane prepared from the top layar cells. This
appears to disagres with the results of Peffefer and Swimlock
(1976) who reported a decline in the activity of membrans
bound protein kinass during cell ageing. The reason for ths
descrepancy is not knouwn, although it could be speculated that
the enzymo is not fully activated at sarly stages of maturity.
Also cAMP may have an inhibitory effect at this stage.

It was shown that high level of fluoride inhibits ths
phosphodiesterass activity during development in the brain
tissue (Rall & Sutherland, 1958). Such observatione may also
apply on the red cell phosphodissterass.,

An endogenous protein kinass inhibitor which is shouwn to
be present in the rabbit skeletal muscle (Walsh st al, 197
(see section 4) may be present in the red éell at high levels
at early stages of maturation and could be responsibls for the

raduced levsl of phosphorylation in the young cell population.
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The high lsvel of phosphorylation in the old cell mambranes
could be due to decline in the lesvel of this inhibitor during
maturation (see section 4 for further discussion).

Addition of extracted cytoplasmic protein kinase showad no
significant alteration in the phasphorylation level in the
old csell membrane while a decline in the phosphorylation activity
in the young cell membrane is clearly noticed (ses figs 11,3
and 11.,4). The reason for the inhibitory effect of the extracted

protein kinase is not clearly undsrstood.



STUDIES ON EXTRACTED SPECTRIN FROM NORMAL RED BLOOD CELLS

The extraction of spsctrin was carried out using the low
ionic strength slution procedure rather than the technique of
butanol extraction, which elutes practically all membrans
proteins (Maddy, 1966).

The supernate I of spectrin extraction on SDS gel electro-
phoresis (see fig 15.7) shows that proteolytic activity may
be present in this fraction. This fraction was electrophoresed it
after 48 hrs of standing at 4OE and would normally give the
same pattern as shown in fig 15.8 and 15.9 ( which are also
used after 48 hr) if used immsdiately after dialysis. Based
on this evidsnce it was reasonable to assums that the loss of
phosphorylation activity may be due to proteelytic action.

Arguments against this are that extracted spsctrin still
loses phosphorylation activity sven when stored at -ZDOE or in
liquid nitrogen. Also, the H.S. extracted spectrin loses its
activity much more rapidly even when sxogenous praotein kinase
was added. On prolonged standing (about 60 hrs at 40E) spectrin
precipitates out of solution as straight white fibres, 2 to 3mm
in*length.. Electrophorstic pattern of this precipitate
on SDS gels also produces multiple bands. , Spectrin may, therefora,
be composed of multiple polypeptides which can organise themselves
into different geometrical structures which depend on the
medium conditions and time. Hence formation of lower molecular
weight peptides is not necessarily an evidence for prots: lytic

activity.
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Another interesting observation, which occurred a sufficisent
number of times to discount it as an artifact, is shown in
fig 15.10. In the final sediment of spectrin extraction, a
doublet band was found in the position where bands II.l and
I11.2 normally appear. This doublst bears a resemblance to band
I and II. Molecular weight of this new band is approximately
40 x 10° to 50 x 10° daltons less than band I and II.

When freshly dialysed spectrin is electrophorssed in 5D0S, clear
spectrin bands I and II are noticed with little other banding
except at about 15 x 10° daltons (possibly globin). On
standing at A”C for about a day the pattern changes to that
shown in fig 15.3 (and 15.4 for H.S. spectrin).

It is tempting to speculate that the band I and II of
spectrin are composed of lower molecular weight peptides. If
they do exist, then it is difficult to understand why SDS is
incapable of eeparating these on electrophoresis. It is possible
that these peptides exist as a tightly interacting unit, as
was observed when spectrin was centrifuged in an analytical
machine. In pressnce of 4M urea a single peptide peak was
observed with a molecular wsight of approximately 30 x 103
daltons (fig 17.1). This peak did not "broaden" in the usual
manner on extended centrifugation. This indicates that the
polypeptides have a strong inter-molscular bonding even in

pressnce of 4M ursa., The result must be treatsd with caution
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since this experiment was carried out twice only.

Interesting results were also obtained with over 48 hr
old extracted spectrin in tris buffer (see fig 17.2). A peak
was observed with approximate molecular weight 105 daltons
initially. On continued centrifugation, small peaks with
higher molecular weight appear to "bud" from the main peak.
It is possible that..an equilibrium situation exists in the main
peak., When high moleoular weight components are removed from
this "polypeptide pool", reorganisation takss place to re-establish
the equilibrium and form another batch of aggregated protein
and s0 on. Again, since this is a result of two experimente,
great care must be exercised in interpreting the data. Spectrin
extracted from H.S5. membranes was not sufficiently concentrated

for thie experiment.

Phosphorylation of spectrin

Fresh sample of spectrin, in absence of exogenous protein
kinase, incorporates a maximum of approximately 33 pMoles phosphate
per mg protein. Assuming a molescular weight of band (I & II)
to be the least molecular weight of epectrin (4.3 x léi daltons),

a molar ratio of spectrin to phosphate (S/Pi ratio) can be
calculated. This ie approximately 70. in the presence of
exogenous protein kinase spectrin phosphorylation is stimulated
by approximately eeven fold (approximately 0.230 nMoles phosphate

bound per mg protein, giving the new S/Pi ratio of 10 ).
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Band (I & II) demonstrated a maximal phosphorylation of
approximately 30 pMoles per mg original membrane protein
(fig 12.3). Assuming that only 25% of total membrane protein
is present in band (I & II), this gives a value of 0.120 nMoles
phosphate bound per mg spectrin. The S/Pi ratio for this is
19.0.

Similar calculations can be used for spectrin band (I & II)
from H.S. membrane. Using the data from fig 12.2 and fig 12.3 ths

5/Pi ratio with time are shoun below in table 17.1.

Molar ratio

Time 5/Pi for Normal 5/Pi for H.S.
(mins)
3 64 208
5 55 73
10 30 53
20 21 26
30 51 132
40 17 23
60 20 34

60 23 58

The S/bi ratio may be useful when comparing phosphorylation
of spectrin in various conditions such as H.S5., sickle cell etc.
Particularly useful are thes values at maximum phosphorylation

(20 and 40 minutes) and minimum phosphorylation (30 minutes).
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IODINATION STUDIES

Exactly what role spectrin has in membrane regulation and
cell shape control is not known with any certainty. Circumstantial
evidence indicates that it could have a central regulatory and
structural function, The difficulty is based on the lack of
knowledge of its biochemical and molecular structurs.

Since the phosphorylation studies have been investigated,
it was of interest to note how the conformation of this protein
altered during the various phases of phosphorylation. Physical
techniques such as optical rotdqry dispersion and circular
dichorism in this instance would only record the svent as it
occurred. JIodination studies, however, could record the events
as they occurred and subsequent fractionation of proteins by
S0S electrophoresis can indicate if conformational changes in
such proteins have taken place. Physical studies on isolated
spectrin would have been valuabls but access to such techniques
was not readily available.

Lactoperoxidase catalysee the iodination of tyrosine (and
to a lesser extent histidine) residues of proteins with iodide.
As shown in table 14,1 the procedure of iodination has only a
relatively small effect on phosphorylation of membrane or extracted
spectrin. JIodinated samples under these conditions still continue
to exhibit phosphorylation activity, although at a slightly

raeduced rate.
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Using IO prep it was noticed that the level of incorporation
of 1251 in the freeze-thauwed prep was greater than the non-
freeze-thawed prep (table 14.2). Although this shows that the
I0 prep is intact, previous study on the stability of the I0
prep indicates that a thorough investigation of stability
should be made under evary new condition used. Since such
investigations are a lengthy procedure, the I0 prep was rendered
leaky by freeze-thawing.

The disadvantage in fresze-thawing is that selective iodination
of spectrin of the I0 vesicle is laost. The reason for using an
10 prep rather than freeze-thawed ghost membrane is that band

125¢ 4ysing ghosts. UWhy this should

(I & II) poorly incorporate
be is not quite understood. Perhaps the lactoperoxidase has
only a limited capacity to diffuse into these fractured ghosts
over the lodination period. Houwever, even when I0 prep is used,
iodination of band (I & II) is relatively low compared with rest
of the membranse proteins, as also shown previously by Selhi &
White (1975).

Iodination of freezs-thawed IO prep which have been phospho-
rylated show no significant difference in labelling of 1251
when compared with non-phosphorylatsd samples. UWhen thess samples
were subjected to SDS gel electrophoresis and band (I & 11)

isolated, a difference of approximately 25% in iodination was

noticed (fig 14.2)., This is also shown in fig 14.3.
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2+
The effect of Ca  (during the phosphorylation step) on

subsequent iodination was examined. It was noticed that the
difference in iodination of the phosphorylated and non-phospho-
rylated band (I & II) decreased when ca® concentration up to
0.5 mM was used (see fig 14.3). Total level of iodination of
band (I & II) of the phosphorylated and nonwphosphorylated sample
was increased by approximately 45% at 0.5 mM Ca2+ when compared
with samples in which the Ca2+ was absent. When Ca2+ was present
at 2 mM it was found that the level of iodination of the non-
phosphorylated band (I & II) returnsd towards the value of zero
caZt concentration, whereas the phosphorylated band (I & II)
remained elevated.

The experiment demonstrates that a difference in conformation
of spectrin in the phosphorylated and non-phosphorylated form
exists (P = 0.05), In prasence of Ca>’ this difference diminishas,

2+ jt is insignificant at a P = 0.10 level.

until at 0.5 mM Ca
At this level, although the spectrin doess undergo change in
conformation, little difference in conformation exists betwesen
the phosphorylated and non-phosphorylated form.

It is poesible that at a Ca?* concentration of 0.5 mM the
breakdoun of ATP by Ca’' ATPases takes placs. Since ATP is
present at a very low concentration (SJJNolar per 0.2 mg protein)

2+

in these experiments, the effect of Ca  on phosphorylation was

not initially investigated. In fact 0.3mM EGTA was present in
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every experiment not involving Ca2+ to supress any Caz+ ATPase
activity.

The diffepance in iodination between the phosphorylatsd and
non-phosphorylated band (I & II) at CaZ* concentration. of 2mM
reflect a largs differsnce in conformation between ths two spectrin
samples. This change may have its origin in the stimulated

spectrin Caz+ ATPase activity as proposed by Rosenthal gt al, (1970).

Time course studies on isolated spectrin

The spectrin for thess studies was used immediately after
the final dialysis step (ses fig 14.6) to avoid changss of
spectrin band (I & II) as shown in fig 15.7.

Taking the molecular weight of band (I & II) as 430,000
daltons, the moles of spectrin bound to one mole of iodide
( the S/I ratio) can bs calculated. This is shouwn in
fig 1l4.4. The smallest ratio was found to be approximately 30,
If iodide is bound to an amino acid residus, then in the limiting
case, one spectrin molecule must bind at least one iodide molecule.
On this basis the least molscular weight of this is approximately
30 x 430,000 daltons (approximately 13 x 106 daltons). Since
most elsctron micrographs of spectrin show existence of fibrdls
of undefined length (Marchesi & Palade, 1967:; Marchesi & Skeers, 1968)

such a figure may have a real existence.
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For the extracted spectrin in phosphorylatign buffer in

absence of ATP, the S/I ratio was 90 at zaro minutes of
incubation. This increased to about 120 at 10 minutes. OQOver
the next 20 minutes this value decreases to between 60 and 80.
It remains more or less constant at this levsl for up to 60
minubes (see fig 14.4).

The samples in which ATP is included in the phosphorylation
medium shows a different S/I ratio with time. At zero tima
the unit is 90 as previously. However, a sharp decreass to 30
is noticed after about 5 minutes. Over tha next twanty minutes
this number reaches about 60 and remains at about 50 to 60 for

the remainder period of incubation.
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MODELS FOR SPECTRIN STRUCTURE USING THE S/Pi RATIOS

Table 17.1 shows the values of S/Pi ratio for normal and
HeS. band (I & II). Since the exact molecular weight of
spectrin is not known, it is reasonable to assume that it
would be some multiple of band I or II (or even both). The
S/bi ratio of table 17.1 was obtained by adding the molecular
weights of band I and II together (4.3 x 105 daltons). No
s/Pi value less than unity was obtained, indicating that this
estimation of molecular weight is still incapable of showing a
mole per mole binding of phosphate to sgpectrin. S/Pi ratios
for normal band (I & II) indicate that the least molecular
weight of spectrin subunit may be 15 x (4.3 x 10°) or 6.5 x 10°
daltons.

Before proceeding further, this fairly high molecular
weight must be c%%oborated by other studies. N;rchesi & Steers
(1968 ) have reported that spectrin forms fibrils which ean be
identified under the electron microscope, These fibrils are
rsadily observed under fairly low magnificatiion and the imagss
are obtained with relatively simple techniques. Normally, fairly
high magnification and great care is required to obtain an
image of a protein with molecular weight of, for example,

0.25 x 10° daltons. Kirkpatrick et al (1976) have also reported

that the hexamers and other torus protein molecules observed



Table 17.2 S/Pi and S/I ratios for the time course studies for band (I & II) of SDS gel electrophoresi=.
For membrane samples it was assumed that 25% of total membrane protein is present in band

(I & II) for S/Pi calculation. (Values shown to the nearest integer?.
11 S/Pi Ratio S/I Ratio
(mins) Normal membrane H.S. membrane Phosphorylated spectrin Non-phosphorylated spectrin
3 64 208 100 120
5 55 . 73 115 120 !
10 - 30 53 30 120 f
20 21 26 50 100
. 30 51 132 60 60
40 17 23 50 70
50 20 >4 | 50 70

60 ' 23 58 50 70
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under the electron microscope may be spsctrin.

That these high valges for molecular weights are not
obtained when specimen of spectrin is analysed using analytical
centrifugation, may be dus to the instability of the extractsd
spectrin. This is shown in fig 15.3,15.4 and 15.7 using SDS
gel electrophoresis. Furthermore, as previously discussed,
spectrin is not stable in solutions and tends to precipitate
out as fibres on standing. Normally samples used for analytical
studies areccentrifuged to obtain a clear solution. The pH
also may be adjusted for this reason.

Returning to table 17.1, it is possible that tha lowast
5/Pi value obtained forms a basic subunit of spectrin. Other
S/Pi valuss may reflect a multipls of this subunit. For the
normal band (I & II) 17 is the lowest figure for 5/Pi ratio.
Similarly, fig 14.4 indicates the lowest value for S/I is 30,

In the appendix, valuss ranging from 15 to 26 are used for dividing
the S/Pi ratio (table 18.1). Since proteins ara normally stabls

in the form of hexamers, tetramers, dimers and monomers, such
pattern was sought for in table 18.1.

Taking 15 to be the least S/bi ratio for normal membranes,
the change in subunit arrangement with timé is shown in fig 17.3s.
Similarly for H.S. a S§/Pi of 23 was taken to be the lowest valus.
The scheme of arrangement of subunits with time is shown in fig

17.3b.
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Structure of spectrin basad on 5/Pi ratios. (A): for band ( I+II ) of normal membrane.

fig 17.3
(B): for band ( I+II )of HS membrane. Each circle represents a molecular weight of 6.5x10 daltons.
P indecates binding or loss of inorganic phosphate , phosphoprotein or both from band ( I+II ).

Conformational change ic possible at each step.
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From table 18.1 it can be seen that at the maximum level of
phosphorylation of band (I & II) a monomer is present for normal
membrane, whareas a monomer or dimer is most probabls for H.S.
sample. At the minimum level of phosphorylation of band (I & II)
(see figs 12.2 and 12.3) a trimer is the most probable state
for normal spectrin and a hexamer for H.S. Also, at the next
phospharylation maximum a monomer for both H.S. and normal
is shouwn in tatde 18.1. Although monomers are expsected for at
laast ons maximum value of phosphorylation of band (I & II),
by virtus of the definition of S/Pi ratio; the value at the

minimum level is not involved in such definition,

Using the S/I ratio for spectrin modsl

Assuming the results of the least subunit molecular weight
obtained with S/Pi ratio to be correct (6.5 x 10° daltons), a
model for spectrin can be constructed using S/1 ratio values.

s/1 value of 30 is taken as the least molecular méight of
spectrin (see fig 17.4). The value of 30 is taken because it is
the lowest value obtained and also because four subunits are
more probable than eight for proteins.

Combining the S5/Pi model for subunits with S/T model for
total spectrin moleculs at each time interval, a final model of
spectrin is obtainedX The squares represent the basic spectrin

molecule. It is composed of subunits represented by circles.

* Sgg fig. 17.5.
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Open circles indicate subunits not involved iﬁ phosphorylation,
The closed circlee are subunits actively involved in phoepho-
rylation, sharing the.available Pi equally.

The final model predicts that epactrin is present in the
normal red cell membrane probably ae a dimer of molecular weight
26 x 106 daltons. This is composed of four subunite with
molecular weight of 6.5 x 10° daltons. In the preesnce of ATP
the subunits are able to phosphorylate, with consequent
conformational changes represanted ae a transition from
tetramer to monomer to dimer. In abeence of ATP a dimer is
aleo produced, but from a trimer, and may repreeent a different
form of the dimer from the phosphorylated type. It is possible
that the conformation of subunits change on phoephorylations
This phoephorylation may be regulated by the presencee of ATP,
cAMP, Ca’t etce

Spectrin may control the physical properties of the red
cell membrane (a.g; shape changes, permeability changes) by
modulation of ite atructure, induced by phosphorylation, either
directly or indirectly by interacting with other membrane

proteine.
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APPENDTIX
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Regression Analysis

Two variable linear regressions were fitted to the
following equation:

y = bO + blx
where b1 = (xk - X)(Yi -Yy)
P4
(Xi - x)
X V.
X:V. - i i
iv4 =
= 5 (Gradient)
Xz - nX
1
by = y - bli (Intercept)
}-( = Xi
h
y o= vy
n (Means)
2
s. = e T ( x1)2
X
n
n -1
(Standard
)2 deviations)
_ 2 _ (5
sy = ¥y k
n
n -1

r = (Regression)

Reg SS

1l
™
W

'—J.

1
%
<

’_b

1
<
<

o

(Regression sums

of squares)

Total 88 = (vy - ¥)
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" The equation was solved with aid of Hewlett Packard 10A

desk top calculator.

The following table shows the values

for the statistical parameters obtained for section 13 kinetiecs.

Statistical
parameters

Gradient bl
Intercept bO

Number of

determination
h

Sx

X

Sy

y

Reg SS

Residual SS

Total SS

Regression
mean square

Residual
mean square

F Ratio

Normal
membrane
ghosts

(Table 13.1)

198.0813

8.0014

99.0
0.1255
0.1965
26.4721
46.9333
60546.5
8129.0

68675.5

60546.4

83.8

722.4

HS wmewmbrane
-ghosts
excluding .
the family
(Table 13.2)

326.4135

T.5345

7.0

0.1257

0.1965

42.2625

71.4896

127877.4

7867.8

135745.2

127877.4

104.9

1218.9

Normal
extracted PK
(Table 13.4,
A & B)

799.5410

39.8093

28.0
0.1227
0.2225
103.9192
217.7071
260042.4
31535.9

291578.4

260042.4

1212.9

2l14.3

HS extracted
PK

(Table 13.5
A & B)

824.1886

43.2657

34.0
0.1234
0.2160
107.8449
221.3147
341478.1

42329.2

283807.3

341478.1

1322.8

258.2

continued .....



e.... continued

Statistical
parameters

Standard
error

Degrees of
freedom for
Student's
"t" test

correlation, r

Upper confi-
dence limits
for b1

Lower confi-
dence limit
for b1

t wvalue

Normal
membrane
ghosts
(Table 13%.1)

9.15

97.0

0.9390

210.3

185.8

from Student's 1.663%5

"£" table
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HS membrane

. ghosts

excluding
the family
(Table 13.2)

10.24

5.0

0.9706

341.9

310.8

1.6655

Normal
extracted PK
(Table 13.4,
A & B)

34 .82

26.0

0.9444

892.6

706 .4

1.7056

HS extracted
PK

(Table 13.5
A & B)

36.37

32.0

0.9432

911.1

57.3

1.6939
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Calculation of stochiometric ratio (S/h) of the number of calcium ions

transporte& per ATP molecules hydrolysed.

A) Method used in section 8.2 using I0 prep in presence of

0.2 mM Ca2+ in absence of EGTA buffer system; downhill transport.

Initial linmear uptake = 0.119 4 0.013 nM/mg prot./min

Passive diffusion = 0.009 4+ 0.004 n

Net active uptake = 0.110 4 0.017 "

% 10 vesicle in I0 prep = 41.2

Therefore actie uptake

per mg I0 vesicles = D0.267 + 0.041 "

24 2+

(ca + Mg )~ ATPase

at 0.2aM ca’t =  48.5 "

Therefore S/R = 0.267 /48.5

. 2+

i.e 1 Ca” transported per 181.65 ATP
hydrolysed.

B) For transport against concentration gradient using 5q,9m

CaZ* levels( see Figs 8.3 & 8.4 ) :

Initial linear uptaks 3.2 nM/ mg protein / min.

Correcting for % I0 = . 7.767 ) "
. 2+ 24

(ca + Mg )-ATPass

at 0.05mM = 18.3 n
Therefore S/R = 7.767/18.3

i.e 1 Caz+ transported per 3.4 ATP

hydrolysed.



Table 18.1 The S/Pi is divided by integers 15 to 26. Values to the nearest integer are calculated.

S/Pi values divided by:

mins S/Pi 15 16 17 18 19 20 21 22 S/pi 15 16 17 18 19 20 21 22 23 24 25 26
Normal H.S. )

3 64 4 4 4 4 3 3 3 3 208 14 13 12 12 11 10 10 9 9 9 8 8

5 55 4 > > 3> 3 3 3 > 713 5 5 4 4 4 4 3> 3 3 3 3 3
10 30 2 2 2 2 2 2 1 1 53 4 3 3 3 3 3 3 2 2 2 2 2
20 20 1 1 1 1 1 1 1 1 26 2 1 1 1 1 1 1 1 1 1 4 1
50 51 > 3 3 3 3 3 2 2 132 S 8 8 7T 7 T 6 6 6 6 5 5
40 17 1 1 1 1 1 1 1 1 23 2 1 1 1 1 1 1 1 1 1 1 1
50 20 1 1 1 1 1 1 1 1 3 2 2 2 2 2 2 2 2 1 1 1 1

60 23 2 1 1 1 1 1 1 1 58 4 4 >3 > 3 3 3 3 3 2 2 2

- coE -
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