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ABSTRACT

Changes in human erythrocyte morphology leading to echinocytosis and
microvesicle release were studied. The results were generally consistent with
the Bilayer Couple Hypothesis and it was calculated that expansion of the
outer leaflet of the lipid bilayer by as little as 3% relative to the inner leaflet
was sufficient to cause microvesicle release.

The protein and phospholipid composition of microvesicles released as a result
of ATP-depletion, during storage, or after treatment with merocyanine 540,
dimyristoylphosphatidylcholine or Ca2+/A23187 was compared with the
composition of the original cell membrane. These microvesicles were depleted
in band 3, glycophorin and phosphatidylinositol 4,5-bisphosphate relative to
phospholipid by 40% or more. This data was interpreted to mean that less
than half of these membrane components are free to diffuse laterally in the
lipid bilayer. Acetylcholinesterase was found to be enriched 2-3 fold in
microvesicles, possibly because the removal of non-diffusing proteins from the
vesiculating region of the lipid bilayer allows more space for freely-diffusing

proteins like acetylcholinesterase to enter the microvesicle membrane.

The phosphorylation of human erythrocyte membrane proteins was
investigated in order to determine if phosphorylation affected cytoskeletal
interactions which could alter shape or vesicle release. Protein kinase C was
activated by phorbol myristate acetate and protein kinase A by the
incubation of erythrocytes with cAMP. The extent of the polyphospho-
inositide breakdown after ATP-depletion in control and cAMP-treated cells
was compared. In the treated cells the phosphatidylinositol 4,5-phosphate
breakdown was greatly increased. The phosphorylation of membrane proteins
could cause a reduced interaction between this lipid and the cytoskeleton,
leading to a greater proportion of the lipid being broken down. The
microvesicles produced from cAMP-treated erythrocytes were analysed to
ascertain if any phosphoproteins partitioned into the microvesicles. Band 7
was the only phosphoprotein, besides Band 3, found to be present in the
microvesicles.
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1. GENERAL INTRODUCTION

1.1. The Function of Erythrocytes

Red blood cells or erythrocytes are the most abundant of the blood cells,
constituting 40-45% of blood volume. Their main function is to transport
oxygen from the lungs to the tissues and carbon dioxide back to the lungs.
Central to this process is haemoglobin, which binds oxygen and carbon
dioxide reversibly. It is the major constituent of the erythrocyte, making up

more than 90% of the cell's dry weight.

Mammalian erythrocytes have a relatively simple structure (see Figure 1.1).
They have no nucleus and their only membrane is the plasma membrane.
The structural simplicity of erythrocytes, their relative abundance (5x10°
cells per millilitre of blood), and the fact that the plasma membrane is very
easily isolated, has made them widely studied. Many of the studies on
erythrocytes have therefore provided important information on membrane
structure and function. Qur understanding of regulatory processes, both
within the erythrocyte as well as more complex, nucleated cells, has also

increased through the study of this non-nucleated model system.

16.



Figure 1.1

General Introduction

The Human Erythrocyte Membrane

Schematic model of the human erythrocyte membrane, from
Bennett 1989.
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General Introduction

1.2. The Structure of the Membrane

The erythrocyte membrane is made up of lipids and proteins, with
approximately half its mass accounted for by lipids and the other half by
proteins. The core of the membrane is a semi-permeable lipid bilayer, with
the lipid molecules oriented in such a way that the polar groups are directed
towards the aqueous environments and the non-polar groups are directed
towards one another forming hydrophobic regions. Within this lipid
membrane some proteins, containing non-polar domains, penetrate the
bilayer (integral proteins) whilst others are associated with the membrane
surface (peripheral proteins). Some of the peripheral proteins are associated
with the membrane by non-covalent interactions with lipids or other proteins.
Others, such as acetylcholinesterase (AChE), are covalently linked to the
membrane. In this case the attachment is via phosphatidylinositol glycan on
the outer surface of the plasma membrane. A proportion of the membrane
proteins are free to diffuse laterally, whereas others are restricted by their

interactions within the cytoskeletal structure.

The main integral proteins are band 3 (the anion channel) and glycophorin.
The peripheral proteins include those which make up the bulk of the

membrane skeleton: spectrin, actin, band 4.1 and band 4.9.
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General Introduction

Figure 1.2 shows the pattern obtained when human erythrocyte membrane
proteins are separated by SDS- polyacrylamide gel electrophoresis (SDS-

PAGE) and visualised using Coomassie Blue staining. Table 1.1 gives their
molecular weights, assembly states and approximate numbers of copies per

cell.

1.2.1. The Integral Membrane Proteins

Band 3, a glycoprotein of molecular weight 88-105 kDa, accounts for 25% of
the erythrocyte membrane protein, making it the major protein constituent of
the membrane bilayer (see reviews by Jennings 1989 and Reithmeier 1993).1t
consists of dimers of long folded polypeptide chains extending across the
bilayer up to fourteen times. This protein consists of two domains: the amino-
terminal 43kD cytosolic segment that provides a major site of association
between the membrane and the cytoskeleton (by binding to ankyrin or band
4.1), and a carboxyl-terminal domain embedded in the membrane, which is

responsible for ion transport.

Band 3 is asymmetrically situated within the membrane, with covalently
attached carbohydrate groups restricted to the extracellular face. The
transmembrane disposition of this protein was shown by freeze-fracture
techniques, by which the membrane bilayer can be split into the two

monolayers before examination by electron microscopy.

19.



Figure 1.2

General Introduction

SDS-PAGE Pattern of Some Polypeptides of the Human
Erythrocyte Membrane

Polypeptides were detected using SDS-PAGE and Coomassie
staining according to Fairbanks et al 1971. Diagrammatic

presentation is simplified from Marchesi et al 1976.

Molecular weights are shown on the right-hand side.
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General Introduction

Table 1.1 Major Human Erythrocyte Membrane Proteins

From Bennett (1985)
Protein Subunit Probable Approximate
(kDa) Assembly State Copies per Cell
Peripheral proteins:
Spectrin 260 tetramer 1x 109
225
Ankyrin 215 monomer 1x 109
Band 4.1 78 - 2 x 109
Band 4.2 72 - 2 x 109
Band 4.9 45 - 5x 104
Actin 43 - 5 x 109
Glyceraldehyde- 5
3-phosphate dehydrogenase 3 tetramer ox10
Band 7 29 - 5 x 109
Band 8 23 - 1x 109
Tropomyosin 29 dimer 7 x 104
Integral Proteins:
Band 3 89 dimer/tetramer 1x 109
Glycophorin A 31 dimer 4x109
Glycophorin B 23 - 1x 109
Glycophorin C 29 - 1x 109

21.




General Introduction

The major role of band 3 in the erythrocyte is as the anion transporter,
exchanging HCOg" for ClI- [Steck 1978], a process which is essential for

transmembrane equilibration of COq.

The glycophorins, a group of glycoproteins containing sialic acid, comprise
three polypeptides, the most abundant of which is glycophorin A. This protein
is a transmembrane protein with 80% of its total length located at the
external surface of the cell. The external portion possesses about 16 oligo-
saccharide chains containing over 100 sugar residues, and these chains
account for most of the erythrocyte's surface carbohydrate and negative
charge. Although the function of the glycophorins in the erythrocyte is not
wholly understood, it has been suggested that they act as surface receptors.

They are also carriers of M and N blood group specificity [Marchesi 1976].

1.2.2. The Cytoskeleton

The normal shape of the erythrocyte is a discocyte, a flexible biconcave disk
about 7um in diameter. In this conformation the ratio of surface area to
volume is not at a minimum, and the cell is able to go through extreme shape
changes without undue stress on the membrane. During most of the
erythrocytes' life-span of approximately 120 days in the human circulation,
the normal discoid shape is thus able to undergo considerable distortion in

response to shear forces and can negotiate small blood vessels that are less

22.



General Introduction

than 3um in diameter. Aged or pathological cells lose their flexibility and this

results in splenic and hepatic trapping and ingestion by macrophages

[Grimes 1980].

The bilayer portion of the plasma membrane is underpinned by a network of
proteins on the cytosolic face. This network, known as the membrane
skeleton, is essential for the maintenance of the cell's stability and shape.
This has been demonstrated by several findings [Cohen C M 1983]:

a) Hereditary abnormalities of the skeletal proteins are linked with
membrane instability, leading to shortened erythrocyte survival and possibly
anaemia; b) extraction of cytoskeletal proteins from erythrocyte ghosts by low
ionic strength solution results in membrane vesiculation; ¢) when membrane
lipids and integral proteins are extracted with the non-ionic detergent Triton-
X100, a protein skeleton (Triton shell) remains, retaining the original shape
of the erythrocyte [Yu et al 1973]. In later studies however, it was shown that
Triton shells do not always have the same shape as the parent cells, implying
that the bilayer also plays a significant role in the control of erythrocyte

shape [Lange et al 1982].

1.2.3. Protein Components of the Cytoskeleton

The main component of the cytoskeleton is spectrin (review by Goodman et

al 1988). It makes up 25% of the total membrane protein and 75% of the
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cytoskeleton [Steck 1974]. Spectrin consists of two chains, alpha and beta, of
approximate molecular weights of 260kDa and 225kDa respectively. The two
chains form dimers, associated head to tail forming 200nm long flexible
tetramers. These rod-shaped tetramers, helical in structure, can act as
springs, extending when the erythrocyte is subject to mechanical forces and
recovering when this stress is relaxed [McGough & Josephs 1990]. This
characteristic contributes to the cell's elasticity and durability. The tails of
these tetramers are associated with actin filaments and this interaction is

promoted by protein 4.1.

In other animal cells, molecules with a 240kDa sub-unit and a similar
structure to spectrin have been found [Carraway & Carraway 1989]. The role
of these analogues in non-erythroid cells is not fully understood, although
there is speculation that these spectrin-like molecules may be involved in the
regulation of receptor mobility and function, by providing a link between the

sub-membrane microfilaments and the plasma membrane.

Actin (or band 5) is believed to form filaments 5nm in diameter containing
betweeﬁ 10 and 60 monomers [Brenner & Korn 1980; Atkinson et al 1982].
Asso;iated with actin are other minor cytoskeletal proteins such as protein
4.2 and protein 4.9, adducin and tropomyosin and these may contribute to the

assembly and stabilisation of the filaments.
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Protein 4.1, which is important in providing a key linkage site between the
membrane and the cytoskeleton, comprises about 5% of the cytoskeletal
weight. It is made up of two similar peptides 4.1a and 4.1b of molecular

weight 78 and 82 kDa [Cohen C M 1983].

Several possible binding sites for this protein have been proposed in the last
few years, including interaction with band 3 [Pasternack et al 1985], a direct
interaction with the lipid bilayer via phosphatidylserine [Shiffer et al 1988;
Rybicki et al 1988] or a glycophorin and polyphosphoinositide complex. Both
glycophorin A [Anderson and Marchesi 1985] or glycophorin C [Bennett 1989]
have been suggested as interaction sites with the polyphosphoinositides, but
glycophorin C is now thought more likely especially since glycophorin C-
deficient cells exhibit a reduction in stability, whereas glycophorin A-deficient

cells are normal [Reid et al 1987].

Ankyrin (band 2.1) is a 200kDa globular protein, important in maintaining
the main association between the cytoskeleton and the lipid bilayer [Bennett
1982]. It is sensitive to attack by proteases, giving rise to lower molecular

products associated with the membrane.

The spectrin-actin network is linked to the plasma membrane by an
association of the beta-chain of the spectrin subunit with ankyrin, which is in
turn bound to the cytoplasmic domain of the trans-membrane protein band 3.

These associations restrict the lateral mobility of the integral proteins. This
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was shown in studies where an increase in the mobility of fluorescence-
labelled band 3 and glycophorin was observed after the proteolytic

fragmentation of spectrin [Bennett 1978).

1.2.4. The Lipid Bilayer

The erythrocyte plasma membrane is based on a lipid bilayer, made up of
cholesterol, glycosphingolipids and phospholipids (including the inositol
lipids). The major erythrocyte phospholipids are phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine and sphingomyelin. The first
three consist of a glycerol backbone esterified with two hydrophobic fatty acid
chains, each containing 14-24 carbon atoms with varying numbers of
unsaturated bonds, and a hydrophilic phosphate-containing head group.
Sphingomyelin has a sphingosine backbone with a fatty acid residue attached

through an amide linkage (Figure 1.3).

The role of cholesterol is to modulate the fluidity of the lipid bilayer by
inhibiting possible phospholipid phase transitions [Grimes 1980]. Because it
can easily flip-flop between the lipid layers, cholesterol may give the
erythrocyte flexibility by allowing the cell to change its membrane contour by
moving between the monolayers in response to differential pressures in the
two leaflets. A reduction in cholesterol leads to a decrease in the surface area,

producing sphered, osmotically fragile cells.
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Figure 1.3 The structure of the major erythrocyte lipids
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Increased cholesterol above normal levels also has a detrimental effect on
membrane fluidity. Patients with liver disease have osmotically fragile
erythrocytes and this has been linked to an increase in the cholesterol to

phospholipid ratio [Grimes 1980].

Like most biological membranes, erythrocytes have an asymmetric
distribution of phospholipids in the bilayer [Bretscher 1972, Zackowski &
Devaux 1990]. In human erythrocytes, the outer lipid layer consists mainly of
glycolipids and lipids containing a choline headgroup (phosphatidylcholine
and sphingomyelin). The inner layer contains mainly lipids that possess a
primary amino group (phosphatidylethanolamine and phosphatidylserine), as
well as the majority of the inositol lipids [Ling et al 1989; Biitikofer et al

1990].

A difference also exists between the lipid fatty acid chains in the two leaflets
of the bilayer. The fatty acids of the outer leaflet lipids are more saturated
than those of the inner lipids. The unsaturation in the inner layer lipids could
result in the inner layer having a more fluid structure. A double bond
produces a kink in the hydrocarbon chain and this disrupts the ordered
packing of the chains, thus increasing fluidity. The negative charge on
phosphatidylserine and phosphatidylethanolamine also causes a difference in

charge between the inner and outer half of the bilayer.
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The distribution of lipids between the two membrane layers has been
measured using mainly chemical and enzymatic methods. Incubation of cells
with phospholipase Ag or phospholipase C results in the hydrolysis of the
external-facing lipids only. When lysed cells or isolated membranes are
treated with a phospholipase, the lipids in both leaflets are accessible, and
are therefore hydrolysed. Labelling the amino groups of phosphatidyl-
ethanolamine and phosphatidylserine by chemical agents, such as
trinitrobenzene sulphonic acid, was another way used to demonstrate lipid

asymmetry [Op den Kamp 1979].

1.3. Control of Phospholipid Asymmetry

Interactions between membrane phospholipids and the cytoskeleton may play
an important role in the regulation of phospholipid asymmetry [Franck et al
1985; Mohandas et al 1985; Haest et al 1978], and could be significant in the

regulation of shape changes.

An association of inner leaflet lipids with cytoskeletal proteins such as
spectrin [Haest 1982] or protein 4.1 [Sato & Ohnishi 1983] has been
suggested to be responsible for maintaining this asymmetry. Other studies
dispute this since they showed that lipid asymmetry also exists in spectrin-
poor microvesicles obtained by calcium/ionophore treatment [Raval & Allan

1984], or by shearing ghosts under pressure [Scott et al 1984]. 1t is worth
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noting that microvesicles eventually lose their phospholipid asymmetry,

although this is a relatively slow process.

These results imply that spectrin/lipid interaction is not vital in maintaining
asymmetry and that other factors are important in the maintenance of lipid
asymmetry. Further studies also support this suggestion. In heat-treated
erythrocytes phospholipid asymmetry is maintained, even though spectrin
has undergone structural changes [Gudi et al 1990]. Similarly, in diamide-
treated cells in which cross-linking of the skeletal proteins was achieved, the
association between the cytoskeleton and the bilayer is disrupted, but the

phospholipid asymmetry also remains intact [Middlekoop et al 1989].

Asymmetry is probably also maintained by ATP-dependent translocation of
phosphatidylserine and phosphatidylethanolamine towards the inner
monolayer [Seigneuret & Devaux 1984; Zachowski & Devaux 1990], since
outside to inside translocation of phosphatidylserine occurs when this lipid is

added to normal erythrocytes but not when added to ATP-depleted cells.

The maintenance of phosphatidylserine asymmetry is also believed to be
dependent on the oxidative status of the cytoskeleton as well as that of a
32kDa polypeptide [Connor & Schroit 1990]. This polypeptide may be the
Rhesus blood group protein [Schroit et al 1990]. An argument against this is
that cells that are devoid of the Rhesus protein (Rhy,,]) cells) translocate

lipids normally, so this protein cannot be the translocase [Smith & Daleke
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1990]. However, Schroit et al (1990) explained this result by suggesting that
the Rhesus protein is present in Rhy;)) cells in a new antigenically silent

phenotype.

The predominance of phosphatidylcholine and sphingomyelin in the outer
lipid layer has only been explained in terms of passive redistribution in
response to the active movement of the aminophospholipids into the inner
leaflet [Van Meer & Op den Kamp 1982]. It is worth noting however, that
sphingomyelin has been found to be originally synthesised on lumenal
surfaces and so will be exported to the external surface [Allan & Kallen

1993].

1.3.1. The Role of Lipid Asymmetry

Changes in phospholipid asymmetry have been proposed to be related to
membrane fusion. In studies where erythrocytes were exposed to Ca2+ and
ionophore, microvesicles were shed from the cells as a consequence of a
membrane fusion event [Allan & Michell 1976]. Allan & Raval (1984) did not
detect an immediate exposure of phosphatidylserine to the outside following
microvesiculation. However Comfurius et al (1990) showed that this
microvesiculation did correlate with the exposure of phosphatidylserine to the
outside, as demonstrated by an increase in procoagulant activity. In other

studies where erythrocytes were induced to swell osmotically, it was also

32.



General Introduction

shown that prior incubation with Ca2+ and ionophore leads to increased cell
fusion and this is associated with the exposure of phosphatidylserine to the
outside together with an increase in procoagulant activity [Baldwin et al

1990].

Loss of lipid asymmetry in erythrocytes may also serve as a mechanism for
the destruction of pathological or aged cells. The exposure of
phosphatidylserine on the outside may be a gradual process resulting from a
loss of metabolic competence that signals the recognition and destruction of

defective cells by phagocytes [Tanaka & Schroit 1983].

1.4. Shape Changes and Vesicle Formation in Human

Erythrocytes

1.4.1. Factors Affecting Morphology

The discoid shape of normal erythrocytes can be altered in vitro by a variety
of treatments or agents in order to study the relationship between membrane
morphology and deformability. Shape transformations can be induced by a
decrease in extracellular pH [LaCelle 19691, ATP-depletion [Nakao 1960;
Weed et al 1969], increased intracellular calcium concentration [Allan et al
1976], modifications to the cytoskeletal proteins [Goodman & Shiffer 1983;

Wagner 1987], or through unilateral expansion of one of the lipid leaflets by
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drugs [Sheetz & Singer 1974]. Under these treatments either echinocytes
(sphered cells covered with an irregular arrangement of spicules) or

stomatocytes (cup-shaped cells) may be formed.

These changes in cell morphology are potentially reversible, i.e. the discocytic
shape can be regained if the causative agent is removed or the cell is allowed
to resynthesise ATP [Anderson & Lovrien 1981]. However, the changes
become irreversible at the point where part of the surface of the cell is lost by
budding (Figure 1.4), leading eventually to the formation of spherocytes.
Membrane material is either endocytosed in the form of internal vesicles
(from stomatocytes) [Allan & Walklin 1988], or external vesicles are released
(from echinocytes) [Rumbsby et al 1977; Ott et al 1981; Wagner et al 1984;

Allan et al 1989].

The mechanism for the transformation of cells from discocyte to echinocyte or
stomatocyte is as yet not fully understood, although several theories have
been proposed. Consensus however, has not been reached on whether
changes in morphology are wholly dependent on the disruption of the
membrane or the cytoskeleton alone, or a combination of the two. The
following paragraphs will give details of the different instances of shape
change and vesicle release and will describe the possible mechanisms for

these events.
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1.4.2. Intercalation of Amphipathic Molecules into the Bilayer

Changes in morphology from discocyte to echinocyte or discocyte to
stomatocyte induced by the intercalation of amphipathic molecules into the
lipid bilayer have been widely studied [Deuticke 1968; Murphy 1973; Brecher
& Bessis 1972; Evans 1974; Ott et al 1981; Allan et al 1989]. Anionic
amphipaths, which are repelled by the negative charge on the inner leaflet, or
cationic amphipaths, which are charged at neutral pH and not able to cross
the membrane, expand the outer leaflet to form echinocytes. The
phenomenon of echinocyte formation was explained by the bilayer couple
hypothesis of Sheetz & Singer (1974) which postulated that perturbations to
the membrane caused by various amphipaths results in the two halves of the
lipid bilayer undergoing a differential change in area, whilst remaining
coupled to one another. In other words, a differential expansion of one leaflet
relative to the other is accommodated by membrane bending and a change in

shape (Figure 1.4).

Shape changes are also observed when certain cationic amphipaths such as
chlorpromazine, which are partly uncharged at neutral pH, diffuse across the
bilayer and are retained in the inner leaflet due to the attraction of the
negatively charged phospholipids on the inner leaflet of the membrane. This

causes an expansion of the inner leaflet relative to the outer leaflet, thus
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forcing the membrane to curve inwards, leading to the production of

stomatocytes.

Although the Sheetz and Singer bilayer hypothesis was later put into
question by Conrad & Singer (1981), their theory is supported by many other
studies and still provides the most comprehensive explanation for the shape
changes observed, either through the differential expansion or contraction of

one of the monolayers.

In the Conrad & Singer study the partitioning of amphipaths into synthetic
vesicles and biological membranes was measured. They found that although
these molecules bound to the synthetic membranes they did not intercalate
into the biological membranes. They concluded that biological membranes
must have a high "internal pressure" that prevents the insertion of these
exogenous molecules and that the apparent binding of the amphipaths to the
biological membranes is due to their tendency to form micelles in aqueous

solutions.

It is difficult to accept the conclusions made by Conrad and Singer in light of
other numerous studies, particularly those using spin-labelled lipids or
fluorescent amphipaths, which demonstrated (by measuring environment-
dependent changes in the molecule's attributes), that these compounds are
not just adsorbed to the cell surface, but are intercalated into the erythrocyte

membrane [Ferrell et al 1981; Matayoshi 1980; Allan et al 1989]. The
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distribution of exogenous phospholipids incorporated into erythrocytes can
also be clearly monitored by looking at the changes in morphology. Adding
dilauroyl-phosphatidylcholine results in a discocyte to echinocyte shape
change whereas addition of dilauroyl-phosphatidylserine result in the
production of stomatocytes [Daleke & Huestis 1989]. In all these studies a
clear correlation was shown between the amount of amphipath transferred to

the cells and the resulting cell shape.

As described in the following sections, many instances of shape change that
occur under very different conditions, such as metabolic depletion or
increased intracellular calcium concentration, can be explained in terms of
the Sheetz and Singer bilayer hypothesis. This theory has also been extended
further by others to cover conditions where the area of one of the bilayer
leaflets is reduced by the degradation or removal of lipid [Allan et al 1975,
1979; Haest et al 1981; Daleke & Huestis 1989; Ferrell & Huestis 1984]. It
appears that changes in the bilayer are the most significant events involved
in the alteration of eythrocyte shape, but the concept that these changes may

depend in part on rearrangements of the cytoskeleton cannot be dismissed.

1.4.3. Influence of Metabolic Depletion on Erythrocyte Shape

ATP depletion of normal erythrocytes occurs after the cold storage of blood for

several weeks, but also when erythrocytes are incubated under sterile
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conditions at 37°C for over 12 hours without added glucose. Parallel with the
decline of ATP, the cells lose their flexibility, change from discocytes through
echinocytes to spheres [Nakao 1960], and lose membrane lipid and protein in
the form of microvesicles [Lutz et al 1977]. A decrease in cellular ATP also
leads to a decrease in the phosphorylation of the major cytoskeletal protein,

spectrin [Birchmeier & Singer 1977; Sheetz & Singer 1977].

It was postulated by Mohandas et al (1978) that the phosphorylation of
spectrin plays a role in cell deformability and morphology. This was explained
in terms of the dephosphorylation of this protein leading to a rearrangement
of the cytoskeleton resulting in the contraction of the inner monolayer.
Dephosphorylation of spectrin may also lead to decreased protection against
oxidative damage that promotes cross-linking, resulting in morphological

changes.

However, the correlation between spectrin dephosphorylation and
morphology was put into question by later studies which showed that shape
changes induced by ATP-depletion preceded the decrease in phosphorylation
[Anderson & Tyler 1980]. Since spectrin dephosphorylation is now not
considered to be the determining factor, another explanation is that the
shape change is promoted by the conversion of PIPy to PI and phosphatidic
acid to diacylglycerol [Miiller et al 1981; Ferrell & Huestis 1984]. This

breakdown produces lipids with a smaller, less charged headgroup, leading to
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a difference in the inner leaflet area relative to the outer leaflet. In addition,
the production of diacylglycerol may assist membrane fusion and thus
promote vesiculation. This ﬁeutral lipid should also equilibrate across the
bilayer [Allan et al 1979], further enhancing the difference in leaflet areas.
This mechanism for the ATP-induced shape changes is thus very much
consistent with the bilayer hypothesis, that is, the erythrocyte accommodates

the decrease in inner leaflet area by becoming echinocytic.

1.4.4. The Role of Calcium in Erythrocyte Morphology

The intracellular calcium concentration of erythrocytes is less than 10-"M
whereas the plasma level is about 10-3M. This gradient across the membrane
is maintained by a pumping mechanism dependent on ATP and sensitive to
calcium in the micromolar range [Sarkadi 1980]. In erythrocytes, calcium
does not appear to be a second messenger as it is in other eukaryotic cells,
but may be responsible for cell shape regulation. The intracellular calcium
concentration is raised in aged cells or in pathological states such as sickle
cell anaemia [Raval & Allan 1986], or artificially, in vitro, by the action of
extracellular calcium and ionophores [Allan & Michell 1975]. This increase in
calcium concentration results in biochemical and morphological alterations in
the plasma membrane of the cell. Similar changes are also seen in aged or

sickle cells [Raval & Allan 1986].
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Calcium-loading leads to the shrinkage of cells due to KCl efflux [Gardos
19581, loss of cytosol-filled microvesicles [Allan et al 1976], proteolysis and
aggregation of membrane proteins [Lorand et al 1976; Allan & Thomas 1981],
as well as the breakdown of the polyphosphoinositides by an endogenous
phosphodiesterase [Allan & Thomas 1981]. The breakdown of the
polyphosphoinositides results in the production of the possibly fusogenic lipid,
diacylglycerol, together with a decrease in the area of the inner membrane
leaflet. Again, taking the bilayer-couple hypothesis into account, this could
explain the morphological changes observed after calcium loading [Ferrell &

Huestis 1984].

The influence of calcium on the bilayer structure was also studied by Hope &
Cullis (1979). They found that the outer monolayer lipids were unaffected by
Ca2+ whereas the inner monolayer lipids adopt a hexagonal phase when the
intracellular calcium concentration is increased. This transformation in the
monolayer configuration was attributed to a lateral segregation of the
phosphatidylserine component, allowing the phosphatidylethanolamine to
revert to it's preferred hexagonal configuration. The change in the stability of
the monolayer after calcium-loading is thought to be directly related to the

fusion events involved in vesicle formation.

Although the changes in the bilayer that occur after calcium loading can

explain both echinocyte and vesicle formation, there are so many other
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concurrent modifications to the cell, making it difficult to isolate which effect

is primarily responsible for the change in shape.

1.4.5. The Role of the Cytoskeleton in the Control of

Erythrocyte Morphology

The lipid bilayer couple model originally proposed by Sheetz and Singer in
1974 to explain amphipath-induced shape changes, and expanded by others
to also cover shape changes resulting from lipid breakdown, can explain most
instances of erythrocyte shape change, but other relevant factors cannot be

ignored.

Studies on patients with hereditary or acquired haemolytic anaemias, have
suggested that the abnormal erythrocyte shape found in these patients are
linked to defects in the cytoskeleton - a deficiency in a particular cytoskeletal
protein or an alteration in the normal protein associations have been
associated with morphological changes [Palek & Lux 1983; Liu et al 1989].
However, it is possible that in some instances the changes in the cytoskeleton
may directly affect the area of the inner bilayer. Cross-linking of skeletal
proteins has been shown to alter the association of the skeleton with the
bilayer, inducing a shrinkage of the inner leaflet and thus forcing a change in

shape. This would suggest that a change in the area of the lipid layer is the
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main contributor to the alteration of cell shape, making the Sheetz & Singer

hypothesis still relevant for these cases [Mohandas et al 1983].

The Role of Ankyrin: The interaction between the cytoskeleton and the
lipid bilayer is also thought by others to play an important role in shape and
deformability changes of the erythrocyte [Jinbu et al 1984]. In their studies
human erythrocyte ghosts were subjected to trypsin under conditions where
ankyrin was the only skeletal protein to be broken down and the other major
cytoskeletal proteins remained intact. Crenated ghosts only changed into
discocytes after chlorpromazine or Mg-ATP treatment if they had not been
previously treated with trypsin. The number of transformable ghosts
paralleled the amount of ankyrin left in the ghosts. They therefore concluded
that ankyrin, presumably by acting as the anchor between the cytoskeleton
and the membrane, plays a vital role in controlling the shape of the

erythrocyte.

The role of spectrin: Spectrin dysfunction or partial deficiency has been
closely studied in patients with haematological disorders such as hereditary
spherocytosis, hereditary elliptocytosis and pyropoikilocytosis [Liu et al 1989].
These studies found that in the erythrocytes from these patients the normal
skeletal network was disturbed. The cytoskeletons of normal erythrocytes

consist of a hexagonal lattice of junctional complexes cross-linked by spectrin,
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but in cells with spectrin deficiency this skeletal architecture is disrupted,

since fewer spectrin filaments interconnected the junctional complexes.

The role of phosphorylation: As described previously, dephosphorylation
of spectrin after ATP-depletion did not appear to contribute to the change in
shape. However the state of phosphorylation of the cytoskeletal proteins may

still affect the shape of the erythrocyte.

Although no direct link has been made between phosphorylation and shape
change, many studies have shown that an increase in phosphorylation has
lead to a decrease in the binding between the cytoskeletal proteins or
between the cytoskeleton and the membrane. An increase in the
phosphorylation of protein 4.1 leads to a reduced interaction between this
protein and spectrin, actin and band 3 [Eder et al 1986, Ling et al 1987;
Danilov et al 1990]. This may also explain the calcium-induced shape
changes, since in calcium-loaded cells protein 4.1 phosphorylation is increased

[Tang 1988].

One can conclude from these studies that the cytoskeleton plays an important
role in stabilising the normal shape of the erythrocyte. Clearly, not only
modifications to the lipid bilayer, but also changes in the cytoskeleton can
influence shape transitions. What is still not fully resolved is whether
alterations to the cytoskeleton alone can impose a change in shape or

whether these changes are dependent on a contraction in the inner lipid
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monolayer. This would make the bilayer the primary factor in the control of

erythrocyte shape.

1.4.6. Changes in Erythrocyte Morphology Leading to

Endovesiculation or Microvesiculation

Microvesicle release from echinocytic human erythrocytes occurs naturally
during the process of ageing [Rumsby et al 1977] and in certain disease states

such as sickle cell disease [Wagner et al 1984; Allan et al 1982].

Such vesiculation is not an event unique to the erythrocyte. Membrane
shedding in the form of vesicles is a very common physiological phenomenom
seen in large number of cells [see review by Beandoin & Grondin 1991].
Vesicle shedding is used by cells to send messengers to other cells, to remove
defective parts of the plasma membrane, or secrete intracellular enzymes and
hormones. For example, in reticulocytes, transferrin receptors on the plasma

membrane are lost through the formation of vesicles [Johnstone et al 1987].

In a similar way to echinocytosis, vesicle formation in the human erythrocyte
can also be induced in vitro under a variety of different conditions such as
calcium-loading [Allan et al 1976], ATP-depletion [Lutz et al 1977], spectrin
oxidation [Wagner et al 1987] or through the intercalation of certain
amphipaths into the outer lipid bilayer [Ott et al 1981; Billington & Coleman

1978; Allan et al 1989].
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Changes in morphology from discocyte to stomatocyte resulting in the
formation of endovesicles have been shown to occur when outer membrane
lipids are broken down, following treatment with phospholipase C [Allan et al
1975]. The formation of intracellular vesicles may also be a clinically
important physiological process, as demonstrated by studies which suggest
that mature erythrocytes spontaneously form intracellular vesicles both in in

vivo as well as in vitro [Sills et al 1988].

In all these vesiculation events the initial step is always a change in cell
shape from discocyte to echinocyte or stomatocyte. It therefore appears that
this initial change in shape is a prerequisite for vesicle release and that
modulators of cell shape also influence the vesiculation process. This was
demonstrated by the results of Biitikofer et al (1987), which showed that
incubation of erythrocytes with stomatocyte-forming amphipaths inhibits the
vesiculation induced by a dimyristoylphosphatidylcholine by preventing the
cells becoming echinocytic, whereas agents known to induce echinocytes

facilitated vesicle formation.

The Sheetz and Singer hypothesis adequately explains the shape changes
observed following incubation with an amphipath or a phospholipase, when
the area of one monolayer expands or contracts relative to the other. However
the mechanism of vesicle formation from echinocytic or stomatocytic cells has

only been speculated upon.
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Studies of the release of vesicles from ATP-depleted erythrocytes indicated
that since EDTA inhibits vesicle release but not the breakdown of
polyphosphoinositide, then the polyphosphoinositide breakdown and
diacylglycerol production is not the rate-limiting step in the formation of
vesicles [Miiller et al 1981]. These workers concluded that although
polyphosphoinositide breakdown and diacylglycerol production was sufficient
to cause echinocytosis, vesicle release requires a further process. What this
process could be was only discussed in vague terms, although the apparent
inhibition by EDTA suggested the possibility of an involvement of bound

divalent cations.

Ott (1981) also speculated on the mechanism for vesicle release. He proposed
that a perturbation to the inner monolayer lipids could be a prerequisite for
the membrane fusion preceding the vesicle release. The long lag time
observed prior to vesiculation in dimyristoyl phosphatidylcholine (DMPC)-
treated cells was interpreted in terms of the DMPC undergoing "flip-flop”
from the outer to the inner monolayer after a few hours. The DMPC in the
inner monolayer may then induce a lateral phase separation of phosphatidyl-
serine and phosphatidylethanolamine. As in the case of calcium-treated cells,
this separation may lead to phosphatidylethanolamine taking up a hexagonal
configuration and this may in turn facilitate membrane fusion and thus

vesicle formation [Hope & Cullis 1979]. The link between the transbilayer
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movement of DMPC, phase separation and vesicle release is strengthened by
the findings that vesicle release is temperature- dependent. No release of
vesicles was seen below 20°C, the phase transition temperature for DMPC. It
is also worth noting that the rate of transbilayer movement of exogenous
lipids is also at a maximum in the temperature range of the gel to liquid-

crystalline phase transition of the bilayer [Kruijff & Zoelen 1978].

The phase separation mechanism may also explain the microvesicle release
seen with other amphipaths, since it was demonstrated that amphiphilic
drugs affect the normal composition of the erythrocyte lipid bilayer
[Schneider et al 1986]. Incorporation of certain amphipaths into the
membrane resulted in the enhancement of the flip rates of exogenous
lysophosphatidylcholine and a destabilisation of the asymmetric distribution
of phosphatidylethanolamine. Both these events could have a fusogenic effect
by disrupting the normal lipid arrangement and thus may assist the

formation of vesicles.

Physical studies on model systems support the idea of an involvement
between phase separation and vesicle formation. These studies have shown
that some degree of phase separation occurs in the membrane, since part of

the membrane is pinched off carrying one of the phases as a separate vesicle

[Maddox 1993].
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The involvement of membrane fusion in the vesiculation process may shed
further light on the mechanism of vesicle formation. Several studies have
implied that the aggregation of the intrinsic membrane proteins is needed for
regions of the lipid bilayer to become fluid enough to fuse [Ahkong et al 1975;
Billington & Coleman 1978]. Ahkong et al suggested that protein aggregation
may occur either by disorganising membrane lipids with a micelling agent or

by the insertion of a low melting fatty acid or ester.

It is of course unlikely that aggregation of the membrane proteins by itself
causes vesiculation, but it is conceivable that a two-step process is involved in
vesicle formation, the first being the shape change that brings the two areas
of the bilayer close enough together, and the second being the fusogenic step

which depends on a change in the lipid environment.

The possible function of the cytoskeleton, particularly spectrin, in vesicle
release has also been closely examined. In erythrocyte disorders such as
sickle cell anaemia and hereditary spherocytosis, as well as in ATP-depleted,
calcium loaded or diamide treated cells, vesiculation was detected together
with membrane protein oxidation [Wagner et al 1986]. In further detailed
studies on the changes in stored erythrocytes, a strong correlation between
vesiculation and spectrin oxidation was found. As expected, no correlation
between vesiculation and ATP levels was found, although ATP-depletion

itself can cause vesicle release [Wagner et al 1987]. The oxidation of spectrin

49.



General Introduction

was found to disrupt the interactions between spectrin, actin and protein 4.1,
so it is possible that where spectrin is oxidised, the cytoskeletal-lipid bilayer
interactions are disrupted resulting in localised areas of damaged membrane

which pinch off as vesicles.

1.4.7. Characterisation of Microvesicles from Erythrocytes

The composition of the microvesicle membranes has been generally found to
resemble that of the original cell. A notable exception are those membrane
proteins that form part of the non-diffusing skeletal complex (e.g. spectrin
and actin) which are not found in the microvesicles. Since it has been shown
that in echinocytic blebs, the lateral mobility of antigens is not restricted as it
is in the rest of the membrane [Gordon & Marquand 1975], this suggests that
only those components of the red cell membrane which are free to diffuse in
the plane of the bilayer (e.g. lipids and those membrane proteins which are
associated with lipid and not with the skeleton) would be expected to be
present in the microvesicles. Band 3 does appear among the proteins of the
microvesicle membrane so that at least a fraction of this protein must be
diffusible. It is well known that band 3 protein can associate (via ankyrin and
possibly band 4.1) with the skeletal complex [Bennett & Stenbuck 1980;
Pasternack et al 1985] but there appear to be too many molecules of band 3

for them all to be bound to ankyrin and band 4.1 [Bennett 1985], so it might
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be expected that a fraction of band 3 would be free to diffuse in the lipid

bilayer.

1.5. Receptor-Mediated Signal Transduction

In many types of cells extracellular signals are relayed across the plasma
membrane by a mechanism in which signalling molecules such as hormones
or neurotransmitters, unable to pass through the plasma membrane, bind to
cell surface receptors. This induces an increased concentration of intracellular
messengers that propagate the signal inside the cell. Binding of agonists to
receptors controls either the activity of enzymes such as adenylate cyclase or
phospholipases, or results in the opening of ion channels located in the
plasma membrane. In this way the intracellular concentration of messengers

such as cAMP and Ca2* or inositol trisphosphate can be regulated.

The major families of receptor-induced transmembrane signalling
mechanisms are mediated by guanine nucleotide binding proteins (G-
proteins) [Dohlman et al 1987; Gilman 1987, Cockcroft 1987]. Several
experimental observations have supported the involvement of these proteins.
For example, since GTP was shown to be a requirement for the hormonal
activation of membrane-bound enzymes such as adenylate cyclase, a G-

protein appears to mediate this process.
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