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Abstract

The function of the integral membrane protein stomatin is as yet poorly understood.
Stomatin is deficient from the erythrocyte membrane of patients suffering with Over-
hydrated Hereditary Stomatocytosis (OHSt). Patient erythrocytes have altered
morphology and are known as stomatocytes. It is believed that stomatin is mis-
trafficked in the developing stomatocyte. These patients suffer grossly abnormal
cation fluxes in the stomatocyte membrane which causes increased osmotic fragility
of the cell and results in haemolytic anaemia. This study set out to characterise
further stomatin and to investigate its role in the cell. The membranes and lipid rafts
of stomatocytes were found to have reduced actin levels as compared to

erythrocytes, suggesting that stomatin may function as a structural protein linking
the cytoskeleton to the membrane. Overexpression of stomatin in nucleated cells

caused enhanced actin association with cell membranes and lipid rafts, further

confirming the findings from stomatocytes. Calcium-induced vesiculation was found

to be significantly enhanced from the stomatocyte as compared to the erythrocyte,
with defective partitioning of the flotillin proteins into the vesicles. This suggests that
stomatin may function as a negative regulator in this vesiculation, possibly due to its
interaction with actin and that the flotillins may substitute for stomatin in this process

within the stomatocyte.

Mutating the principle cysteine residue for palmitoylation within stomatin caused the
protein to show less affinity for the membrane and lipid rafts but an increased affinity
for the nucleus. This suggests that palmitoylation of stomatin affects the affinity of
stomatin for the membrane and that this modification may be involved in regulating

the shuttling of stomatin between the plasma membrane and the nucleus.



Prokaryotic stomatin exists in an operon with a serine protease, suggesting a
functional link between the two. Using a reporter gene construct approach the
potential for mammalian stomatin to be proteolytically processed was investigated.

Stomatin was found to be proteolytically processed in the membrane by a serine

protease with the subsequent release of a C-terminal fragment.
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Chapter 1: Introduction

1.1 The erythrocyte

Erythrocytes serve as oxygen and carbon dioxide carriers within the blood; each
litre of blood contains approximately 5 x 10" erythrocytes. They are devoid of many
cellular organelles, such as the nucleus, in order to maximise the volume available
to the oxygen-transporting haemoglobin. Rather than being spherical, the
erythrocyte is biconcave; this increases the surface area over which gas exchange
can take place. Erythrocytes circulate in the blood for approximately 120 days
before being phagocytosed and digested by macrophages in the liver or spleen.
Low oxygen levels in the blood or a shortage of erythrocytes stimulates the kidneys
to secrete erythropoietin. In humans, this stimulates erythropoiesis in the bone
marrow: this causes differentiation of hematopoietic stem cells into mature

erythrocytes (Richmond et al. 20095).

1.1.1 Organisation of the erythrocyte membrane

The membrane of the erythrocyte has to provide sufficient mechanical stability to
ensure survival of the cell but also has to provide a degree of flexibility which allows
deformation during transit through the narrow capillary network. The lipid bilayer is
supported by a series of cytoskeletal proteins to allow this. Early work to identify the
major proteins of the erythrocyte membrane used Sodium Dodecyl Sulphate
Polyacrylamide Gel Electrophoresis (SDS-PAGE).  Proteins were identified

according to their electrophoretic mobiiity on the gels and given names such as

‘band 3’ to describe their relative position on the gel (Fairbanks et al. 1971).



Spectrin is thought to play a central role in maintaining cell shape whilst permitting

the large reversible deformations required of the erythrocyte (figure 1.1). The two
isoforms of spectrin, a and B, form heterodimers which are loosely intertwined.

These heterodimers are linked head-to-head to form tetramers. The junctions

between heterodimers are sites where several other proteins, as well as spectrin,

can bind; this allows anchorage to the membrane via interaction with

transmembrane proteins (Bennett 1989). This meshwork of spectrin covers the
entire cytoplasmic surface of the erythrocyte membrane and is anchored to the
membrane at two types of site. The first involves the transmembrane anion
exchanger, band 3. Band 3 Is responsible for the exchange of chloride and
bicarbonate across the phospholipid bilayer (Fu et al. 2004). The protein ankyrin
binds to spectrin and to the cytoplasmic domain of band 3. It is thought that protein
4.2 also bound here, stabilises this interaction. The second site at which the
spectrin meshwork Is anchored to the membrane Is through interaction with protein
4.1 which in turn binds to glycophorin. Spectrin is also able to associate with actin.
this is stabilised by protein 4.1 and adducin. Bundles of filamentous actin
crosslinked by protein 4.9 associate with tropomyosin and tropomodulin (Tse et al.
1999). Many of the major cytoskeletal proteins are phosphorylated; this reduces the
binding affinity of the components and weakens the rigidity of the membrane. How
phosphorylation regulates the mechanical stability of the membrane is unknown
(Manno et al. 2005). Mutations In the genes that encode major erythrocyte
membrane-associated proteins can cause complete or partial protein deficiencies
within the membrane. Alternatively, some mutations can allow the protein to locate

to the membrane but show an incorrect function (Low et al. 2001). This can

compromise the shape of the erythrocyte, its stability and function. Frequently the

mutations will hinder the association with binding-partners in the membrane. In a



secondary manner these binding partners are then diminished in the erythrocyte

membrane (McMullin 1999). For example, hereditary spherocytosis is a haemolytic
anaemia in which the erythrocyte shows increased osmotic fragility and spherocytic

morphology. Mutations in ankyrin, band 3, band 4.2 and spectrin are all known to

cause this condition (Delaunay 2002).

The lipid distribution across the bilayer is under tight control;, aminophospholipids
(e.g. phosphatidylserine and phosphatidylethanolamine) are maintained on the inner
surface of the bilayer whereas the cholinephospholipids are predominantly located
in the outer leaflet. Scramblase, translocase and flippase proteins ensure
transbilayer asymmetry (Zwaal et al. 1997). This lipid maintenance provides the
erythrocyte with mechanical stability through phosphatiaylserine-cytoskeletal protein

interactions and ensures cell survival, phosphatidylserine on the outer surface

marks a cell for destruction by macrophages (Manno et al. 2002).
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Figure 1.1 Organisation of the erythrocyte membrane skeleton

(A) Electron microscopy of the erythrocyte membrane skeleton. (B) Junctions
where spectrin is anchored to the membrane via band 3 and glycophorin. (C) The

spectrin-actin junction. Figure taken from (Bennett et al. 2001).



1.2 Stomatin

The membrane protein stomatin was originally identified due to its absence from the

erythrocyte membrane In patients suffering Over-hydrated Hereditary
Stomatocytosis (OHSt). The erythrocytes of OHSt patients were observed to have
altered morphology and adopt a mouth-like shape rather than the traditional disc-
like shape and were thus called stomatocytes. Stoma, being the Greek for mouth
gave the name to the protein and the condition. Due to its relative electrophoretic
mobility on SDS-PAGE stomatin is also known as band 7.2b (Lande et al. 1982).
Although widely expressed In animals, plants and microorganisms, and in many

tissues, the function of stomatin is as yet unclear (Stewart ef al. 1992).

1.2.1 Characteristics of stomatin

Purification of band 7.2b revealed an integral membrane phosphoprotein of 32kDa
(Wang et al. 1991). In situ proteolytic fragmentation of the protein revealed an

intracellular domain larger than 12 kDa (Hiebl-Dirschmied et al. 1991a). Cloning of
the cDNA encoding stomatin showed that the protein contained a stretch of 29
hydrophobic residues, amino acids 26-54 inclusive. The hydrophobic stretch is
preceded by a highly charged 24 residue long N-terminus and followed by the

relatively large C-terminus accounting for the remaining 234 residues and the

previously identified 12 kDa intracellular domain (Hiebl-Dirschmied et al. 1991b;
Stewart ef al. 1992). The N-terminus of stomatin was initially considered to be
exoplasmic forming a bitopic membrane protein. However, the identification of a
phosphorylation site at Ser-9 proved that the N-terminus also faced the cytoplasm,
resulting in an entirely cytofacial monotopic membrane conformation (figure 1.2).

This formation of a protein in the membrane Is known as a hairpin loop (Salzer et al.



1993). Stomatin is palmitoylated at cysteine 29 (Cys-29) and cysteine 86 (Cys-86).
Cys-29 forms the major palmitoylation site and, due to its positioning relative to the
transmembrane domain, Is suggested to enhance the affinity of the protein for the
membrane (Snyers et al. 1999b). In the human amniotic cell line UAC, stomatin is
present in membrane-protruding folds and extensions at high concentrations where
it co-localises with actin microfilaments even after disruption of the filaments with
cytochalasin D. This prompted suggestions that stomatin functions as a structural
protein which anchors the actin cytoskeleton to the membrane (Snyers et al. 1997).
Stomatin is able to form homo-oligomers which comprise of between 9 and 12
subunits: truncation mutants suggest the C-terminus is critical for this association.
As many other oligomeric proteins are associated with cellular roles In

morphogenesis, it was suggested that stomatin may function similarly (Snyers et al.

1998).

Stomatin shows similar trafficking to glycosylphosphatidylinositol (GPIl)-anchored

proteins in polarised epithelial cells, co-localising to the apical membrane (Snyers et
al. 1999). Whilst in the Golgi complex GPl-anchored proteins become associated
with sphingolipid and cholesterol-enriched lipid rafts, this is thought to cause apical
targeting of the proteins (Simons et al. 1997). Lipid rafts are resistant to non-ionic
detergents at cold temperatures; this allows their isolation from the rest of the
plasma membrane. Stomatin too can be isolated in detergent resistant complexes
of the plasma membrane, suggesting the protein resides within lipid rafts (Salzer et
al. 2001). Caveolae form a well characterised subset of lipid rafts, so-called due to
the high concentration of the structural protein caveolin. They are implicated in

endocytosis and cell signalling (Hooper 1999). Stomatin does not co-localise with

caveolin and therefore functions in a separate lipid microdomain perhaps providing



a critical structural element required for formation and integrity of this stomatin-
specific microdomain (Snyers et al. 1999a). Stomatin does share some structural
similarities with caveolin; both contain multiple sites of palmitoylation, both
oligomerise and both assume a hairpin loop Iin the lipid bilayer. This again
prompted suggestions of a structural role for stomatin (Snyers ef al. 1999b). As well
as being located in the plasma membrane, stomatin has also been found in the
nucleus (Fricke et al. 2005), mitochondria (Argent et al. 2004), endosomes (Snyers
et al. 1999a) and lipid bodies (Umlauf et al. 2004). The role of stomatin in the
nucleus and mitochondria has never been investigated. Lipid bodies are implicated
iIn the storage and tumover of lipids, protecting the cell membrane from lipid
overload (van Meer 2001). It 1s as yet unknown what role stomatin has in the lipid
bodies; lipid organisation and cargo selection are amongst the possibilities (Umlauf
et al. 2004). Two chaperones of stomatin have been isolated from human

erythrocyte cytosol, ECP-51 and ECP-54. They contain ATP-binding sites, interact

with each other and are found in both the cytosol and nucleus (Salzer et al. 1999).
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1.2.2 Stomatin and the movement of ions across the membrane

Stomatin is deficient in the erythrocyte membranes from patients suffering Over-
hydrated Hereditary Stomatocytosis (OHSt) (discussed in detail below). The
patient’s erythrocytes suffer increased intracellular cation concentration due to an as
yet uncharacterised leak in the membrane. It is unclear if the deficiency in stomatin
IS the direct cause of the cation leak but this has prompted speculation that stomatin
may have an ion channel regulatory role (Lande et al. 1982). Although this role for
stomatin has never been proven, other studies have linked stomatin with i1on
channels, particularly the epithelial sodium channel (ENaC). Stomatin and subunits

of ENaC have been found expressed Iin the same dorsal root ganglion of rats; this is

consistent with a role for stomatin in mechanotransduction (Fricke et al. 2000). The

stomatin homologue MEC-2 in the nematode Caenorhabditis elegans (C.elegans)

interacts with and regulates the ion channel degenerin, the mammalian equivalent
of which is ENaC. This has been linked to mechanotransduction (Goodman et al.
2002). As the activation of ENaC requires the channel activating protease xCAP-1,

it has been suggested that stomatin may function to regulate this activity (Vallet et

al. 2002; Green et al. 2004).

Patients suffering from Liddle’'s syndrome have a congenitally leaky ENaC. In this
disease the domain associated with Nedd-4 ubiquitination protein turnover is
destroyed by mutation, causing increased numbers of the channel and elevated
mean open probability (Abriel et al. 1999; Stewart et al. 1999). Na” and K" transport
in the patient’s erythrocytes is accelerated suggesting there may be a few copies of

the protein functioning In the erythrocyte under normal conditions (Gardner et al.

1971). However, ENaC has never been found in the erythrocyte and treatment to

inhibit the channel fails to correct the leak seen in OHSt cells (Stewart et al. 1992).
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Stomatin is expressed in mammalian sensory neurons (Mannsfeldt et al. 1999).

Here stomatin is known to bind and alter the activity of acid-sensing ion channels
(ASICs). These Na“ channels are members of the ENaC family expressed in the
central and peripheral nervous systems of mammals and other vertebrates, where
they are thought to function as transducers of sensory stimuli. It is unclear If this is
a direct association, 1.e. stomatin forms a subunit of the channel, or Indirect

association facilitated by the presence of stomatin in lipid rafts (Price et al. 2004).

Stomatin has been shown to exhibit an affinity for the GLUT-1 glucose transporter
and is the first known protein to exert a regulatory effect on this transporter (Zhang

et al. 1999). Overexpression of stomatin depresses the transporters activity.
These data imply a possible link between stomatin and glucose transport across the

cell membrane (Zhang et al. 2001).

1.2.3 Stomatin and proteolysis

Protein-protein BLAST searching of prokaryotic genomes identified 23 organisms
with stomatin homologues (p-stomatin). In every genome found to encode p-

stomatin, the gene encoding ‘stomatin operon partner protein’ (STOPP) was aiso

found. In 19 of these genomes stopp was found adjacent to p-stomatin where they
are thought to share the same operon (Green et al. 2004). Genes found in operons
often code for components involved in the same multimolecular process (Lawrence
et al. 1996). Prokaryotic STOPP Is a membrane-bound serine protease. As p-
stomatin shares an operon with STOPP, it is thought that stomatin may act as either
a chaperone to the enzyme, a regulator to the enzyme, or as a substrate to the
enzyme (Green et al 2004). Further studies on one of these genomes, Pyrococcus

horikoshii (P. honrkoshii), suggested that stomatin forms the substrate to the
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membrane-bound serine protease. The stomatin homologue (PH1511) is cleaved

by the protease homologue (PH1510) which is hypothesised to cause the opening

of an ion channel (figure 1.3) (Yokoyama et al. 2005).
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Figure 1.3 Schematic showing proteolysis of stomatin resulting in ion

channel opening

In Pyrococcus horikoshii the stomatin homologue PH1511 is cleaved by a
membrane-bound serine protease, and it Is hypothesised that this cleavage results
in the opening of an ion channel (Yokoyama et al. 2005). The C-terminal domain of
stomatin contains a proposed serine protease cleavage site in a region rich in
hydrophobic residues. Interaction of this region with the membrane is proposed to
block ion channel function. Upon cleavage within the domain a C-terminal fragment

is released from the parent protein and allows the opening of an ion channel.
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1.2.4 Stomatin and disease

As previously mentioned, stomatin is deficient in the erythrocyte membrane of
patients suffering OHSt (Lande et al. 1982). This condition has been found to be
the most severe form of a group of dominantly inherited anaemias known as the
hereditary stomatocytoses (discussed in detaill below). [n these diseases the
erythrocyte membrane is ‘leaky’ to cations and as a result the cell shows elevated
cation and water concentrations leading to premature lysis of the erythrocyte. The
stomatin gene is not mutated and the molecular basis of OHSt remains unknown.
Patients are generally able to lead normal lives but can require transfusions in times
of crisis (Stewart et al. 1999). It is believed that stomatin is trafficked wrongly in the
maturing erythrocyte and fails to locate to the plasma membrane (Fricke et al
2005). The knockout stomatin mouse is without phenotype, suggesting that the
deficiency of stomatin in stomatocyte membranes I1s not responsible for the cation

leak (Zhu et al. 1999). Whether other proteins of the erythrocyte membrane can

function in place of stomatin is unknown.

A French child born to healthy first cousins of Tunisian origin showed a severe
multisystem disease. Suffering many problems Including altered erythrocyte
morphology, anaemia, delayed growth, delayed neurological development,
mitochondrial dysfunction and convulsions; the child died aged six. It was realised
that stomatin was deficient in the erythrocyte membrane. As with the OHSt cases
sequencing found no mutation in the gene. However, the mRNA showed a series of

spliceforms. Five siblings to the same parents were still born or died soon after birth,

one is alive and well. The exact cause of this condition remains unknown (Argent et

al. 2004).
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1.2.5 Human stomatin-like proteins

Stomatin-like protein 1 (hSLP-1) is a bipartite protein containing a stomatin-like

domain at the N-terminus and a non-specific lipid transfer protein (nsLTP) domain at
the C-terminal end. The C.elegans protein UNC-24 also shows the same bipartite
structure and is thought to be the hSLP-1 homologue in this organism. hSLP-1 is
not present In erythrocytes. The highest levels of expression were detected in the
brain, an organ where stomatin is not expressed and thus hSLP-1 is thought to
represent ‘brain-specific stomatin’ (Seidel et al. 1998). The second human
stomatin-like protein (hSLP-2) is widely expressed in many tissues and is also found
In mature erythrocytes. It is the first member of the stomatin family to lack a
hydrophobic stretch at the N-terminus and is only peripherally associated with the
membrane. The high homology between the C-terminal domains of stomatin and
hSLP-2 suggests the two could potentially associate in mixed oligomers forming
cytoskeletal associated structural components of the membrane (Wang et al. 2000).

hSLP-2 has been found overexpressed in an oesophageal carcinoma where it is
thought it may have a role in hyperproliferation. Antisense transfection of hSLP-2

suppressed cell growth and proliferation due to S phase arrest (Zhang et al. 2005).
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1.3 SPFH domain proteins

Stomatin contains an SPFH (Stomatins, Prohibitins, Flotillins and HfIK/C) domain
that spans 200 of the 234 residues that form the C-terminus (Tavernarakis et al
1999). Sharing this domain with stomatin, as the name suggests, are the
prohibitins, flotillins, HfIK and HfIC as well as three C.elegans homologues and
podocin. It is as yet unclear what purpose this domain serves in stomatin but
observations on the other SPFH domain members suggest that it may be critical in
membrane protein degradation (Kaser et al. 2000) or as a scaffold protein for the
assembly of multiprotein complexes (Langhorst et al. 2005). SPFH domain proteins
tend to be associated with the actin cytoskeleton, oligomerise and reside within lipid

rafts.

1.3.1 Prohibitins

The two prohibitin proteins, prohibitin 1 and prohibitin 2, are highly conserved and

found in bacteria, plants, yeast, worms, flies and humans (Nijjtmans et al. 2002).
They are interdependent; a decreased level of one corresponds with a similar
decrease in the other. They are found mainly in the inner membrane of the
mitochondria where they are believed to chaperone the m-AAA protease. This is
thought to form part of the quality control system within mitochondria and protect
non-assembled membrane proteins (Tatsuta et al. 2005). Cells with decreased
levels of the prohibitins show a decreased lifespan; as cells age the prohibitin
expression lowers. This implicates prohibitin in cellular ageing (Coates et al. 2001).
Prohibitins are also found in the nucleus where they can regulate cell-cycle
progression through interaction with E2F transcription factors and Rb proteins

(suppressors of E2F-mediated transcription). Interaction with E2F prevents the
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protein binding to E2F promotor sites present in many of the genes involved in
progression through S phase (Wang et al. 2002). The prohibitins are tumour
suppressors and are found overexpressed in many tumours. This is believed to aid
the tumour cells in reducing oxidative stress and allowing their continued growth
(Nijtmans et al. 2002). The 3" untranslated region of the prohibitin gene is known to

act as a tumour suppressor in breast cancers (Manjeshwar et al. 2003).

1.3.2 Flotillins

Flotillins are highly conserved and found in bacteria, plants, fungi, flies and humans
(Langhorst et al. 2005). They are interdependent and normally associated with the
plasma membrane where they assume a hairpin loop in the bilayer. Flotillin-1 is
known to translocate to the nucleus particularly at the beginning of S-phase; its role
here is unknown (Santamaria et al. 2005). Flotillin-2 has not yet been reported to
locate to the nucleus. As yet, the function of the flotillins i1s unclear but they have

been implicated in cell signalling, trafficking and cytoskeletal rearrangement

(Langhorst et al. 20095).

1.3.3 HfIK and HfIC

The bacterial membrane proteins HfIK and HfIC (high frequency of lysogenisation)
associate with and regulate the AAA protease, FtsH. This influences the choice
between the lysogenic and lytic cycie during A-phage infection. FtsH affects the

stability of the transcriptional regulator cll. When cll levels are high lysogeny is

favoured: when cll levels are low lysis is favoured (Saikawa et al. 2004). They show

the same interdependence as seen for the prohibitins (Banuett ef al. 1987).
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1.3.4 Podocin

Podocin is a membrane protein exclusively expressed in podocytes, specialised
renal epithelial cells involved in plasma ultrafiltration during urine formation. It
assumes a hairpin loop In the bilayer where it is linked to the actin cytoskeleton by
the adapter protein CD2AP. The role of podocin is unclear but it is thought to be
responsible for the recruitment of nephrin to lipid rafts followed by subsequent
nephrin signalling (Schwarz et al. 2001; Huber ef al. 2003). The podocin-knockout
mouse dies soon after birth due to renal faillure (Roselli et al. 2004). Expression

levels and subcellular localisation of nephrin are affected in several renal diseases

such as diabetes (Liu et al. 2004).

1.3.5 UNC and MEC proteins in C.elegans

Three homologues of stomatin have been found Iin Caenorhabditis elegans
(C.elegans), all of which, if mutated, cause neuronal dysfunction of some form. The
two most similar to stomatin are MEC-2, which when mutated causes

mechanoinsensitivity, and UNC1, the mutated form of which causes sensitivity to

volatile anaesthetics.

MEC-2 (65% identity, 85% amino acid similarity to stomatin) is required for
mechanosensation through its interaction with the epithelial sodium channels
(ENaC) and the actin cytoskeleton; mutations in the mec-2 gene result in animals

unresponsive to light touch (Huang et al. 1995). MEC-2 interacts with MEC-4, a

homolog of a subunit of ENaC (Suzuki et al. 2003).
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UNC-1 (52% identity, 87% amino acid similarity to stomatin) is required for the
normal locomotion of the nematode. Mutations in the unc-7 gene result in animals
with the abnormal motion described as kinked. Mutations in this gene also result in
animals which show altered sensitivity to volatile anaesthetics. This led researchers
to suggest UNC-1 may represent a site of interaction between the cell and the
lipophilic anaesthetics (Rajaram et al. 1998). Interestingly, the lipophilic quinoline
antimalarials are known to interact with stomatin (Foley et al. 1997). UNC-1 is

known to interact with UNC-8, a sodium channel subunit (Sedensky ef al. 2004).

UNC-24 is less like stomatin (32% Iidentity, 64% amino acid similarity to stomatin
across residues 25-198). Mutations in the unc-24 gene result in animals which
show difficulty in moving forward. It is a bipartite protein, as well as containing a
domain similar to stomatin; it also contains a domain similar to the non-specific lipid

transfer protein (nsLTP). These proteins are found In animals, plants and

microorganisms and transport phospholipids between membranes (Wang et al.
2005). UNC-24 is proposed to be membrane-bound via its stomatin-like domain
and to regulate lipid transfer between closely associated membranes with its nsLTP
domain (Barnes et al. 1996). This protein 1s most like the bipartite brain-specific

form of stomatin, stomatin-like protein 1 (Seidel et al. 1998).
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1.4 Hereditary stomatocytoses

As with many mammalian cells, erythrocytes maintain low intracellular sodium (Na*)

levels and high potassium (K") levels. This requires the action of the ATP-driven
NaK pump which exports Na™ and imports K* against their concentration gradients
(Stewart et al. 1999). The action of the NaK pump balances a diffusional process in
the erythrocyte which is poorly understood. It is this diffusional process which is
considered to be responsible for the cation leak in patients with hereditary

stomatocytosis. Patients show increased NaK pump rates; this is thought to be the

erythrocytes compensatory response to the uncontrollable leak.

This set of autosomal dominant anaemias are grouped on account of abnormal
erythrocyte membrane permeability to Na™ and K" (Stewart et al. 1999). To date,
twelve different phenotypes have been identified with 33 different pedigrees. The
severity of the cation leak ranges from the mild barely detectable familial
pseudohyperkalaemia, to the severe overhydrated hereditary stomatocytosis where
ion flux rates are 40x those in a control erythrocyte. Distinguishing between the
phenotypes takes into account the severity of the cation leak, the temperature
dependence of the leak (figure 1.4), degree of hydration of the cell, phospholipid
content and presence of stomatin in the erythrocyte membrane (Stewart 2004).
Often patient blood films will reveal abnormally shaped erythrocytes (figure 1.5).
The swollen, mouth-shaped ‘stomatocytes’ were described in the first case of this
group (Lock et al. 1961). The altered morphology is likely due to excessive lipid
packing of the inner leaflet, although this has never been shown in hereditary
stomatocytoses patients (Coles et al. 1999). Patients can generally lead normal
lives, however, in times of crisis such as infection, transfusions may be necessary.

This has proved fatal when religious principles disallow such medical intervention.
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Figure 1.4 Temperature dependence of cation leak in different hereditary

stomatocytoses variants

Graph showing K" influx at various temperatures following inhibition of NaK pump

with ouabain and bumetanide treatment. Not all hereditary stomatocytoses

phenotypes are represented. 0 - normal; O - Familial pseudohyperkalaemia; W -

Dehydrated hereditary stomatocytosis; A - Woking phenotype; € - Overhydrated

hereditary stomatocytosis; ® - Blackburn phenotype; A - Cryohydrocytosis. Figure

taken from (Stewart et al. 1999).
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Figure 1.5 Blood film taken from an individual with OHSt

The healthy erythrocyte is a disc/biconcave structure allowing for maximum surface
area for gaseous exchange. The stomatocyte in hereditary stomatocytoses patients

is mouth-shaped; this may be due to excessive packing of lipids in the inner leaflet

of the lipid bilayer. Figure adapted from (Fricke et al. 2003).
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1.4.1 Overhydrated hereditary stomatocytosis

Over-hydrated Hereditary Stomatocytosis (OHSt) is rare and was the original

hereditary stomatocytoses condition described (Lock et al. 1961). Patients show ion
flux rates 40x that of a control erythrocyte, making this the most severe phenotype

of the group. Intracellular Na” is over ten times greater in patient's stomatocytes
than in normal erythrocytes and K four times lower. The overall increase in
intracellular cation concentration Is accompanied by increased intracellular water
concentration, which results in swelling and premature lysis of the erythrocyte
(Stewart et al. 1999). Haemoglobin levels are two thirds of that in a control
erythrocyte. Patients are chronically jaundiced. The integral membrane protein
stomatin Is deficient in all cases. This deficiency is isolated to the erythrocyte
membrane; patient's brain, liver, kidney, gut and muscle samples show normal
levels of stomatin (Stewart et al. 1993). Messenger RNA levels are normal within
the maturing erythrocytes of patients and sequencing has revealed no mutation in
the stomatin gene (Stewart 1997). Cultured cells from OHSt patients reveal that the
protein is unable to reach the plasma membrane and appears to be restricted to an

area of multivesicular complexes and in the nucleus (Fricke et al. 2005). When the

condition was first realised, patients underwent therapeutic splenectomy in an

attempt to reduce splenic destruction of the stomatocytes (Stewart et a/. 1999).

This treatment was adopted due to similarities to hereditary spherocytosis; in these
cases prevention of the splenic destruction of abnormal erythrocytes eases the
anaemia (Reliene et al. 2002). It was gradually realised that OHSt patients who
underwent this procedure suffered with thrombotic problems and this has recently
been attributed to the possible appearance of phosphatidylserine (PS) at the
surface of the stomatocyte (Stewart 2004). The phospholipid PS is usually

contained on the inner surface of the erythrocyte by the action of the lipid transport
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system within the membrane, appearance of PS at the surface can initiate
thrombosis (Zwaal et al. 1997). Studies on lipid movement between the two leaflets

of the bilayer in OHSt cells showed reduced movement of PS from the inner to the

outer leaflet but lipid movements were otherwise normal (Ho et al. 1997).

1.4.2 Dehydrated hereditary stomatocytosis

Dehydrated Hereditary Stomatocytosis (DHSt) is less severe than OHSt but more
common. lon flux rates are only twice that of control erythrocyte rates. Patient’s
erythrocytes show mildly decreased levels in Na® and K" ions, which accounts for
the dehydration. The erythrocyte membrane shows normal levels of stomatin but
shows elevated levels of phosphatidyicholine. This is thought possibly to be caused
by a defect in the lipid transport system of the erythrocyte membrane which
maintains asymmetrical phospholipid distribution between the two leaflets of the
bilayer (Stewart et al. 1999). As with OHSt, haemoglobin levels are low.
Thrombotic problems have developed In patients which underwent therapeutic
splenectomy. Two pedigrees are described as DHSt with ascites (the build up of

fluid in the abdominal cavity); this variant shows mental retardation (Stewart 2004).

1.4.3 Cryohydrocytosis

Cryohydrocytosis (CHC) is less severe than OHSt but slightly more severe than
DHSt lon flux rates are 4x that of a control erythrocyte. Two pedigrees have been
identified which show stomatin deficiency in the erythrocyte membrane. In these
cases ion flux rates are slightly more abnormal at 10x the control level. These two
pedigrees show neurological abnormalities, Including seizures and mental

retardation (Fricke et al. 2004). If left to stand at room temperature, the erythrocytes
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gain Na" and lose K', this effect is enhanced if the sample is stored chilled. As the
gain in Na* outweighs the loss in K', the cells gain water, swell and lyse. Patient’s
cells show increased sensitivity to phospholipid degradation by phospholipase at
low temperatures. It has been suggested that this may be as a result of improperly
packed lipids. In some cases the erythrocyte membrane shows increased ether

content. No thrombotic problems have been described following splenectomy in

these patients (Stewart et al. 1999).

1.4.4 Familial pseudohyperkalaemia

Patients with Familial pseudohyperkalaemia (FP) are essentially symptomless. lon
flux rates vary between being normal to 4x greater than control erythrocytes. At

physiological temperatures intracellular Na® is moderately increased and K’

decreased. Following storage at room temperature, the erythrocytes show a loss of

K'. Such storage could be expected during a routine blood test; the results
prompting further investigation and eventual diagnosis. Haemoglobin levels are

normal. Thrombotic problems have developed In patients which underwent

therapeutic splenectomy (Delaunay 2004).

1.4.5 Other phenotypes

The other less frequent phenotypes are <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>