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Summary
In Pichia pastoris, the existing membrane ergosterol was replaced by cholesterol in 

an attempt to improve folding of the low affinity heterologously expressed rat serotonin 
transporter, as judged by means of radioligand binding of [^HJimipramine. Two methods 
were used to incorporate cholesterol into the Pichia membranes. Firstly, an in vivo 
approach was used, which exploited metabolic inhibitors to disrupt the ergosterol 
biosynthetic pathway and induce a requirement for exogenously supplied cholesterol. Two 
compounds, lovastatin and pravastatin, were tested for their potency at inhibiting 
ergosterol production.

While lovastatin proved not to be inhibitory to Pichia cell growth, even at 
concentrations o f up to 50 |ag/ml, pravastatin was effective at inhibiting cell growth 
completely when used at a concentration o f 1 mg/ml, with inhibition occurring after 5-6 
hours incubation with the inhibitor. The inhibition of cell growth by pravastatin could be 
relieved with the additional presence of cholesterol (50 |j.g/ml), restoring the growth levels 
to that o f control. Determination of the quantity o f membrane cholesterol post-treatment 
with pravastatin and cholesterol, showed levels of up to 50 (j.g cholesterol/mg membrane 
protein present. Investigation into the effect of cholesterol present within the membranes 
on rSERT folding using radio-ligand binding analysis with [^H]imipramine, revealed only 
a two-fold increase in saturable binding.

An in vitro approach to incorporate cholesterol into Pichia pastoris membranes was 
carried out using the cyclic sterol carrier molecule, methyl-P-cyclodextrin that forms 
soluble complexes with cholesterol. Using a complex of methyl-P-cyclodextrin-cholesterol 
(10 mg/ml), allowed the incorporation of up to 50 )j,g cholesterol/mg membrane protein. 
Time course experiments showed that the inclusion of the cholesterol sterol into 
membranes occurs rapidly, reaching maximum levels after only 10 min incubation with the 
protein. Radio-ligand binding analysis with [^HJimipramine revealed only a slight 
improvement in saturable binding. This study showed that although levels of saturable 
binding slightly increases in the presence of cholesterol, it was not enough to significantly 
improve the folding of rSERT, and it was postulated that perhaps the cholesterol has a 
slightly protective or stabilising effect on the protein.

The possible role that membrane cholesterol plays at modulating the activity of 
SERT stably expressed in HEK293 cells was also analysed. Reduction of membrane 
cholesterol by treatment with methyl-P-cyclodextrin resulted in a concentration-dependent

•j -j

decrease of specific [ H]5HT uptake and [ HJcitalopram binding. In the case of saturable 
[^H]5HT uptake, treatment of cells with 10 mg/ml methyl-P-cyclodextrin, a concentration 
removing 25% of membrane cholesterol, increased the Km for substrate uptake two-fold 
with the concomitant reduction of the maximal transport rate (Vmax)- Saturable binding

(iv)



analysis after treatment of membranes with methyl-P-cyclodextrin revealed increases in the 
apparent Kd value for citalopram, with the additional loss in the number of maximal 
binding sites (Bmax), vvhen greater than 80% of membrane cholesterol was removed.

-j

Neither the levels of membrane cholesterol nor [ H]citalopram binding were affected by 
the treatment of membranes with either a- or y-cyclodextrin.

Addition of cholesterol back to methyl-P-cyclodextrin-treated, cholesterol-depleted 
membranes restored cholesterol levels and ligand specific binding to that of control levels. 
This interaction appears to be structurally dependent on cholesterol and independent of 
membrane fluidity as other steroids such as ergosterol, 5-cholestene and pregnenolone 
were incapable of recovering lost specific binding when substituted into cholesterol- 
depleted membranes. Treatment of HEKrSERT membranes with other membrane 
modulators such as cholesterol oxidase or the cholesterol binding fluorochrome filipin 
markedly reduced SERT-ligand binding, while treatment of membranes with ethanol, 
known to fluidise membranes, did not affect ligand binding to SERT. These results 
suggested that membrane cholesterol modulates the functional properties of SERT by 
specific molecular interactions.

Investigation into the pharmacological interaction of antidepressants with the rat 
and human forms of the serotonin transporter expressed in HEK 293 cells was also 
performed. Saturable binding of [^H]citalopram and [^H]imipramine revealed equal 
numbers of binding sites for both citalopram and imipramine when tested in HEKhSERT 
and HEKrSERT membranes. Analysis of saturable [^H]citalopram and [^H]imipramine 
binding in the absence of Na^ ions demonstrated that while the apparent affinity for 
[^HJcitalopram decreases 2-3 fold for both HEKhSERT and HEKrSERT membranes, high 
affinity imipramine binding is abolished in both forms of the transporter, possibly due to 
conformational changes induced by lithium. In addition, investigation into the effects of

•j "I

temperature on [ HJimipramine and [ H]citalopram binding, revealed temperature 
dependent affinity changes for both forms of the transporter.

Determination of potential inhibitory potencies of unlabelled citalopram and 
imipramine on [^H]imipramine and [^HJcitalopram binding by means of competition 
assays, revealed the presence of a single citalopram binding site in both HEKhSERT and 
HEKrSERT membranes. In the case of [^H]imipramine, assays revealed the presence of 
apparent single imipramine binding site on the human SERT molecule, while suggesting 
the presence of two binding sites with different affinities/conformational forms for the rat 
transporter molecule. In the rat, the [^HJimipramine site of lower affinity was thought to be 
the same binding site for [^HJcitalopram. These results were supported by association and 
dissociation kinetic studies of binding of [^HJcitalopram and [^H]imipramine to rSERT and 
hSERT. How relevant these are physiologically remains to be determined.

(V )



Finally, the cloning and stable over-expression of a human SERT, tagged on the C- 
terminus with a c-myc tag was attempted. Transient transfection o f the pcDNA- 
hSERT.myc construct into HEK 293 cells resulted in specific [^H]5HT uptake and 
detection of the protein by Western blotting, indicating the apparent capability of the 
construct at directing synthesis of an active SERT transporter. However, subsequent 
attempts to isolate single clonal cells stably expressing hSERT-myc failed. It was thought 
that perhaps the absence of the Kozak sequence among other factors may have hindered 
the stable expression.

(V i )
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Chapter 1 

General Introduction

1.1 Synaptic transmission

Axonal conduction and synaptic transmission are the basic processes by which the 

nerve cells o f the central and peripheral nervous systems communicate rapidly and with 

great precision (see Kandel and Schwartz, 1985). The pre- and postsynaptic events are 

highly regulated and subject to independent changes that are the basis for plasticity and 

learning in the central nervous system (CNS). Chemical transmission requires the 

following: synthesis o f the neurotransmitter in the presynaptic terminal; storage o f the 

neurotransmitter chemical in secretory vesicles; regulated release o f neurotransmitter in the 

synaptic space between the pre- and post-synaptic neurons; the presence o f specific 

receptors for the neurotransmitter on the post-synaptic membrane, such that the application 

o f the neurotransmitter to the synapse mimics the effects o f  nerve stimulation; and a means 

for termination o f the action o f the released neurotransmitter.

All excitable cells such as neurons possess what is known as a membrane potential, 

an overall negative charge, generated primarily by the net ion charge from resting 

channels. During excitation or stimulation o f an action potential, cycles o f depolarisation 

and hyperpolarisation occur, whereby ion channels open or close, ions move and the 

membrane potential changes. Voltage-gated ion channels (such as Na" ,̂ Câ " ,̂ K"̂ ) are often 

the targets o f neurotoxins, which modify their properties, thus altering their capacity to 

function properly. Na^/K^ ion channels are coupled to ATPase, which acts as a driving 

force for ion transport, and it is estimated that 25-40% o f brain energy utilisation may be 

related to NaVK^-ATPase activity (reviewed by Albers and Siegel, 1999).

In neurons o f the white matter, the electrical conductance o f the stimulated action 

potential is increased by the presence o f a layer o f insulating membrane known as the

1



myelin sheath, a membrane consisting o f a high percentage o f lipid (70-85%) and low 

protein composition (15-30%) (reviewed by Morrell and Quarles, 1999).

In most known nerve signalling mechanisms, the depolarisation o f  the neuronal

9 -1-plasma membrane opens voltage-sensitive Ca ion channels, which in turn trigger the 

exocytosis o f the synaptic vesicles storing the chemical neurotransmitters, releasing them

9 - j-into the synaptic cleft. The Ca triggered step that leads to neurotransmitter release occurs 

in less than 1 msec. This exocytotic release o f neurotransmitter is followed by rapid 

endocytosis to allow re-use o f synaptic vesicles (reviewed by Suedhoff, 1999). Most 

neurotransmitter are/or originate from amino acids or nucleosides (such as ATP and 

adenosine), with the exception o f acetylcholine, which is synthesised from its immediate 

precursors choline and acetyl coenzyme A. In addition, many neurons also secrete a large 

array o f  neuropeptides (such as opiate peptides and neurohypophysial peptides) and these 

are often found in neurons alongside conventional neurotransmitters acting as 

‘cotransm itters’ (reviewed by Mains and Eipper, 1999). Synapses can be classed as 

excitatory or inhibitory, based on whether the action o f the neurotransmitter tends to 

promote or inhibit the generation o f an action potential in the postsynaptic cell (reviewed 

by Kandel and Schwartz, 1985).

1.2 Neurotransmitter receptors

Neurotransmitters function by binding to and stimulating neurotransmitter receptors, which 

reside in the plasma membrane o f post-synaptic or presynaptic (autoreceptors) cells, 

initiating intracellular signalling mechanisms. M any o f  these receptors have been isolated 

and purified biochemically, and many have also been cloned and sequenced. In several 

cases, the activity o f purified receptors has been reconstituted in artificial systems.
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The binding o f neurotransmitter to these receptors initiates a series o f events which 

may involve the formation o f second messengers; the opening and closing o f ion channels 

or the recruitment o f cytoplasmic proteins, followed by activation o f enzymes, typically 

protein kinases or phosphatases, which mediate the biological response. The 

neurotransmitter receptors can be classified into ligand-gated ion channels or ionotrophic 

receptors and G-protein coupled receptors or metabotrophic receptors.

Binding o f  neurotransmitter to ionotrophic receptors causes a fast conformational 

change in the channel subunits, facilitating the opening o f  the intrinsic ion channel and as a 

result the membrane potential may become depolarised, as in the case o f the neuronal 

nicotinic acetylcholine or NMDA receptors, or hyperpolarized, as in GABA or glycine 

receptors. Other neurotransmitters such as the monoamines, serotonin, norepinephrine and 

dopamine, and also ATP and adenosine can cause depolarisation or hyperpolarisation o f 

post-synaptic cells, depending on the type, or subtype, o f receptor that is present. The 

responses to these receptors are extremely rapid (occurring in msec) and do not require the 

subsequent generation o f second messenger molecules or protein phosphorylation events.

M etabotrophic receptors operating via an intervening G protein are sometimes 

coupled to modulation by adenylyl cyclase activity (P2 -adrenergic, a 2-adrenergic) or may 

also act independently (e.g. GABA, D2-dopaminergic, muscarinic M2 receptors). This is 

generally a slower transmission mechanism than ionotrophic receptors and initiates a chain 

o f cascading reactions, which may alter factors such as calcium homeostasis, activate 

protein kinases and change conductance. Multiple receptors arising from many gene 

families exist for each neurotransmitter and the intricacy is further augmented by alternate 

splicing and mRNA editing o f receptor subtypes, leading to more isotypes (reviewed by 

Humphrey, 1997).
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The space surrounding neuronal synapses is a tightly regulated compartment. In 

this microenvironment concentrations o f extracellular neurotransmitter are actively limited 

in magnitude and duration by proteins responsible for neurotransmitter clearance, 

establishing spacial and temporal constraints on chemical signalling. These proteins are 

discussed in section 1.3. In the case o f neuropeptides, inactivation by an array o f cell 

surface-associated peptidases occurs and enzymatic action by acetylcholinesterase also 

metabolises acetylcholine to choline and acetate, with subsequent uptake o f choline into 

presynaptic terminals or into bordering glial cells.

1.3 Neurotransmitter transporters

To terminate synaptic transmission, neurotransmitters are deactivated by either 

enzymatic degradation or by active transport into neuronal and glial cells by 

neurotransmitter transporters (Iversen, 1975). Once inside the neuronal cell, 

neurotransmitters can be further transported into synaptic vesicles by vesicular carriers. 

These processes are responsible for the homeostasis o f neurotransmitter pools within nerve 

endings (Rudnick & Clark 1993). Both at the plasma and vesicular membranes, 

neurotransmitter influxes are directly coupled with ion gradients, which provide the energy 

for the retrograde transport (Kanner and Schuldiner, 1987). Neurotransmitter proteins 

utilise the transmembrane Na"  ̂gradients and differentially use and Cl' gradients to drive 

cellular accumulations o f  the neurotransmitters.

Neurotransmitter transporters can be classified into superfamilies, families and 

subfamilies according to their primary structures and site o f  action. In particular the latter 

criterion allowed the distinction o f two superfamilies, they being the vesicular membrane 

transporters and the plasma membrane transporters.
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Once inside the nerve terminal, monoamines (catecholamines, serotonin and 

histamine) are concentrated from the cytoplasm into vesicles by the unrelated vesicular 

monoamine transporter (VMAT) for their subsequent Ca^^- dependent release (reviewed 

by Nelson, 1992 and Masson et a l ,  1999). VMAT is an electrogenic antiporter o f  protons 

and monoamines, using the proton electrochemical gradient generated by the vacuolar H"̂ - 

ATPase to accumulate neurotransmitters into the synaptic vesicles. The accumulation of 

intraneuronal neurotransmitters into storage vesicles acts as an amplification step for the 

overall process o f Na"^-dependent uptake o f  these molecules from the extracellular space, 

since it controls their concentration gradient across the plasma membrane. Moreover 

vesicular accumulation o f neurotransmitters protects these molecules from leakage and/or 

intraneuronal metabolism. Finally, this storage process also prevents the possible toxic 

effects o f neurotransmitters that could occur when their cytoplasmic concentration exceeds 

a critical level. Hydropathy analysis o f the primary sequences o f all VMATs predicts 12 

putative transmembrane domains. In addition, a large hydrophilic loop with three to five 

potential glycosylation sites probably exist between transmembrane domains I and II.

The superfamily o f plasma membrane transporters can be divided into two families 

depending on their ionic dependence, they being the NaVCl'-dependent transporters and 

the NaVK"^-dependent transporters. These transporters are responsible for high-affinity 

uptake o f neurotransmitters by neurons and glial cells at the level o f their plasma 

membrane. These membrane-bound proteins are all dependent on the Na"̂  

intracellular/extracellular gradient for their activity; in addition they may also require Cl' or 

(Kanner and Schuldiner, 1987; Kavanaugh et al., 1992; Zerangue and Kavanaugh, 

1996).

The Na”̂- and Cl‘-dependent transporter gene family encode glycoproteins with 12 

putative transmembrane domains and members include the monoamine (dopamine,
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norepinephrine and serotonin), amino acid (GABA, glycine, proline and taurine), osmolite 

(betaine and creatine) and several orphan (ROSIT, rB21a, Rxtl, V-7-3-2) transporters 

whose substrates have not been identified. These transporters are further discussed in the 

following sections.

In contrast, excitatory amino acid transporters (glutamate and aspartate) are 

NaVK"^-dependent and belong to a family whose members possess 6 to 10 hydrophobic 

(transmembrane) domains and share no sequence homology with the NaVCl~dependent 

carrier family (Amara, 1992; Kanai et ah, 1994).

1.3.1 Na"̂ - and Cl’-dependent neurotransmitter transporters: Physiology and

pharmacology

The family of sodium- and chloride-dependent neurotransmitter transporters seem 

to be a unique family of proteins with no homologues so far described in bacteria or fungi. 

The most primitive organisms that contain these transporters are insects and worms (Liu et 

al., 1992). Therefore this family o f proteins seems to have diverged about 0.5 million years 

ago. However, they do share a common feature with a large class of bacterial and 

mammalian proteins, in that they are perceived to fold into 12 transmembrane helices 

within the membrane (reviewed by Henderson, 1993; Hediger et al., 1995). However, they 

are sufficiently different in amino acid sequence for their evolution to have taken place by 

convergence from independent ancestral origins separate from the other 12 helix structure 

proteins (Henderson, 1993). Even though they are not restricted to the nervous system, the 

NaVCl'-dependent transporters may have evolved concomitantly with the emergence of 

neuronal cells. The genes of this family can be grouped into evolutionary related subgroups 

(see Figure 1.1), all of which encode glycoproteins with apparent molecular weights 

ranging from 60-85 kDa. They are 40-60% homologous and hydropathy analysis of these
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Figure 1.1

Dendrogram depicting hierarchies of sequence relatedness of the proteins predicted 

from Na^- and Na^/Cl -dependent transporter gene family

The neurotransmitter transporter family comprises the NaVCl'-dependent neurotransmitter 

transporters (which includes the monoamine, the amino acid, osmolite transporters and the 

orphan transporters) and the Na'^/K’̂ transporters and their relationship to each is illustrated 

in the schematic diagram on the opposite page (adapted from Uhl and Johnson, 1994). The 

abbreviations for the neurotransmitter transporters are shown in the table below.

Transporter Abbreviation Substrate

GABA GAT y-Aminobutyric Acid

Norepinephrine NET Norepinephrine

Dopamine DAT Dopamine

Serotonin SERT Serotonin

Glycine GLYT Glycine

Creatine GREAT Creatine

Taurine TAUT Taurine

Betaine BGT Betaine/GABA

Proline PROT Proline

Orphan

RxTl,N TT4, V-7-3-2, 

rB21a,R0SIT Unknown



__________ rGLUT

__________ ocGLUT

---------------  hGLUT

---------------  rGLUTl

____________________  rGGLUT

---------------  rNTT

__________ rOrphanX

---------------  hDAT

  __________ rDAT

  ______________  bDAT

------------------------------  hNET

--------------- hSERT

________ __________ rSERT

---------------------- dmSERT

---------------  rGAT

________ __________ mGAT

------------------------hGAT

____________  ocCREAT

---------------  rCHOT

cTAUT

---------------  hTAUT

__\  rTAUT

mBA-TT
ocBET

__________ mGAT2

______________  rGAT-B

__________ mGLYT

__________ rGLYT

______________  rGLYT2

---------------------------- rPROT

/i=human, m=mouse, r=rat, oc=rabbit, rfm=drosophila melanogaster



sequences revealed 12 stretches of 15-25 hydrophobic amino acids that have been 

interpreted as forming a-helical transmembrane domains (Kyte and Doolittle, 1982). The 

topology o f these transporters is discussed in section 1.3.3. The N- and C-terminal regions 

are intracellular and the second large extracellular loop contains two to four potential 

glycosylation sites. All of the transporters have potential protein kinase phosphorylation 

sites located on putative cytoplasmic domains.

The importance of neurotransmitter transporters is reflected not only in their 

association with numerous psychiatric, neurological and neurodegenerative disorders but 

also with the wide range of pharmacological agents known to interact with the transporters. 

Generally, these compounds act as transport inhibitors. This is particularly well illustrated 

with antidepressants and psychostimulants which act primarily as inhibitors of monoamine 

transporters.

Previously many of the properties of NaVCl'-dependent neurotransmitter 

transporters were first determined from uptake studies performed with brain synaptosomes 

or with Xenopus oocytes injected with total mRNAs isolated from discrete rat brain 

regions. Further advances in characterisation of these proteins was greatly aided by 

molecular cloning which has allowed an in-depth profile of the substrate specificity and 

pharmacology of the transporters. The molecular characterisation and cloning of the 

transporters is discussed in section 1.3.2. One interesting finding from the molecular 

studies has been that for some transporters the capacity to transport more than one 

substrate is not unique. (Giros et al., 1992 and 1994).

In the human brain, DAT (dopamine transporter), NET (norepinephrine transporter) 

and SERT (serotonin transporter) are the primary binding sites of cocaine (Giros et al., 

1992; Giros and Caron, 1994). Recent reports have established that inhibition of dopamine
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reuptake may be the key event leading to the rewarding action o f cocaine and thus 

addiction (Giros et al.,., 1994 and 1996). However, knockout mice that do not express 

DAT (Giros et al., 1996) can still self-administer cocaine under certain conditions (Rocha 

et al., 1998). It has been suggested that serotonergic mechanisms, in addition to 

dopaminergic systems play an important role in the development o f addiction to cocaine 

(Rocha et al., 1998). However, Sora et al. (1998) using the place preference paradigm 

showed that the appetitive properties o f cocaine are not lost in DAT and SERT knockout 

mice. Thus neither transporter seems to be absolutely required for cocaine reward.

Among monoamine transporters, DAT seems to be implicated in the aetiology of 

various neurological or psychiatric syndromes. The generation o f a ‘knockout’ mouse 

lacking DAT has demonstrated the critical role o f the transporter in regulating 

neurotransmission (Giros et al., 1996). As expected o f the marked degeneration o f 

dopaminergic neurons, a decrease in DAT is regularly observed in Parkinson’s disease 

(Snyder and D ’Amato, 1986; Boja et al., 1994; M iller et al., 1997). The neurotoxin N- 

methyl-4-phenylpyridine (MPP"^), a metabolite o f N-methyl-4-phenyl-l,2,3,6- 

tetrahydropyridine, can be rendered toxic to previously non-neuronal cells if  they are 

allowed to accumulate it through expression o f DAT (Kitayama et al., 1992; Pifl et al., 

1993). Aberrant dopaminergic neurotransmission is also associated with disorders o f  the 

schizophrenic spectrum and Tourette’s syndrome (Pearce et al.. Singer et al., 1991), but no 

connection has been found with DAT alleles and hereditary pathogenesis o f schizophrenia 

(Persico et al., 1995).

GABA is the major inhibitory neurotransmitter in the brain and pharmacological 

compounds targeting GABAergic neurotransmission, such as benzodiazepines and 

barbiturates, are useful in the pharmacotherapy against anxiety and epilepsy (During et al., 

1995; Dalby and Nielson, 1997a). With the finding o f several GAT (GABA transporter)
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subtypes, the use of specific inhibitors for each of these now represents new potential 

therapeutic agents for the treatment of epilepsy and anxiety. Tiagabine, a potent anti

epileptic agent, which is effective against complex and refractory myoclonic seizures, is an 

inhibitor o f GAT 1 (Dalby and Nielson, 1997b).

Monoamine transporters are also the primary sites of action for tri- and heterocyclic 

antidepressant drugs (Blakely et a l, 1994; Barker and Blakely, 1995). The mode of action 

of these drugs with regards the serotonin transporter is explored in Chapter 5.

1.3.2 M olecular cloning and characterisation of the Na^ -dependent transporters

The molecular characterisation of the neurotransmitter transporters began with the 

purification of the rat GABA transporter (Radian et al., 1986; Radian and Kanner, 1986; 

Guastella et a l,  1990). A rat brain GAT purified to apparent homogeneity provided an 

important reagent for the molecular cloning of GAT cDNA. The cDNA encoding the GAT 

was expressed in Xenopus oocytes to establish the NaVCl' dependence of the transporter as 

well as its pharmacological characterisation (Guastella et al., 1990). The cDNA encodes a 

protein with a molecular mass 80 kDa, which on treatment with endoglycosidase was 

reduced to 67 kDa (Kanner et al., 1989).

In parallel, the expression cloning of the human norepinephrine transporter was 

performed by Pacholcyzk et al. (1991) and the high sequence homology between NET and 

GAT was unravelled. A cDNA library was constructed from the SK-N-SH neuroblastoma 

cell line, which expresses a homogenous population of sodium-dependent catecholamine 

transporters with the pharmacological characteristics o f a norepinephrine transporter 

(Richards and Sadee, 1986). A cDNA library from these cells was transfected into COS-1 

cells and NET positive cells selected by screening with [^HJmeta-iodobenzylguanidine.
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The amino acid sequence encoded by the NET cDNA is 46% homologous to GAT and 

gives a protein with molecular mass o f 69 kDa.

These findings encouraged efforts to clone other transporters and using functional 

cDNA expression assays and amplification o f related sequences using the polymerase 

chain reaction (PCR) and degenerate oligonucleotide primers, and resulted in the cloning 

o f additional Na^-ZCl'-dependent transporters such as the dopamine transporter (Shimada et 

al., 1991; Kilty et a l ,  1991, Usdin et al., 1991), serotonin transporter (Hoffman et al., 

1991; Blakely et al., 1991), additional GABA transporters (Clark et al., 1992; Boden et al., 

1992; Liu et al., 1993), transporters o f glycine (Smith et al., 1992; Liu et al., 1992), proline 

(Fremeau et al., 1992), taurine transporter (Uchida et al., 1992; Liu et al., 1992) and 

betaine transporter (Yamauchi et al., 1992). Using the homology cloning strategy, four 

other members o f this family have been isolated, the so-called orphan transporters whose 

substrates remain unknown (Uhl et al., 1992; Liu et al., 1993; El Mestikawy et al., 1994; 

Wasserman et al., 1994; Smith et al., 1995).

The cloning o f cDNAs from the Na”̂- and Cl'-dependent transporters and from the 

glutamate transporters has revealed much about the molecular heterogeneity o f this gene 

family and also hinted at evolutionary trends for these proteins. To date, several subtypes 

o f the GABA, glycine and glutamate transporters exist derived from multiple genes and 

alternative splicing o f gene products (reviewed by Nelson, 1994). Examination o f some o f 

the transporters cloned sequences has revealed that most o f the introns define protein 

modules that contain one out o f the putative twelve transmembrane helices (Nelson and 

Lil, 1994) and it may be the case that the genes encoding neurotransmitter transporters are 

an example o f gene evolution via intron-mediated recombination o f exon modules that 

code for functional or structural elements (Dorit et al., 1990). Hydropathy analyses o f these 

transporter sequences are virtually superimposable and predict proteins with 12
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transmembrane domains having both their amino- and carboxy-terminals on the 

cytoplasmic side o f the plasma membrane. There is a significant degree o f identity across 

this family o f transporters (25%) despite their very different substrate specificities. 

Alignment o f the amino acid sequences o f the biogenic transporters shows that 41% of 

their residues are identical and this increases to 54% when conservative substitutions are 

considered. The various dopamine transporter cDNAs encode virtually identical proteins 

with the exception o f a few amino acid differences between species (Shimada et a l ,  1991; 

Giros et a l ,  1991 & 1992; Kilty et al., 1991). Similarly the rat serotonin transporter 

cDNAs encode identical proteins (Hoffman et al., 1991; Blakely et al., 1991; Blakely et 

al., 1993). There are 42 residues that are uniquely conserved in the biogenic amine carriers 

and are not conserved in other family members o f the neurotransmitter transporter family. 

Several o f these are charged or protonated and are found clustered in the transmembrane 

domains. It has been suggested that these may play a role in binding or transporting several 

polar amino groups found in inhibitors or substrates for the biogenic amine transporters 

(Blakely et al., 1991; Kitayama et al., 1992).

1.3.3 Transporter topology and structural analysis

The striking similarity in the sequences o f the cloned neurotransmitter carriers 

began to define the structural features common to this transporter family. The putative 12 

hydrophobic stretches spanning the membrane have been suggested to form a-helices 

(Guastella et a i ,  1990). Knowledge o f protein topology is an important step toward the 

elucidation o f the structural basis o f transporter function and this area has been one under 

close scrutiny with regards the neurotransmitter transporters. Several approaches have been 

used in an attempt to verify the predicted topological state o f this family. Antipeptide
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antibodies were raised to hydrophilic regions o f the human norepinephrine transporter, N- 

and C-terminal peptides, along with peptides targeting the extracellular loops between 

TMDs (transmembrane domains) III and IV and VII and VIII (Bruss et al., 1995). 

Immunofluorescence studies on whole, intact and permeabilised NET transfected COS 

cells have confirmed the proposed topological model for these regions.

Studies on G A Tl and GLYTl have challenged the original topology proposed by 

Guastella et al. (1990). Using the 7'/-glycosylation scanning method and in vitro 

transcription/translation assays, a somewhat different picture o f transporter topology was 

established (Bennett and Kanner, 1997; Olivares et al., 1997). The A^-glycosylation method 

involves the introduction o f glycosylation consensus sites into the hydrophilic domains of 

the protein and monitoring for glycosylation and transport activity on expression. As 

glycosylation occurs on the luminal side o f the endoplasmic reticulum membrane only 

(Nilsson and von Heijne, 1993), this method can be used to determine which hydrophilic 

domains are located extracellularly. In this new model, two-thirds o f the proteins on the C- 

terminal side (from TMD 4 to TMD 12) are organised as proposed in the initial theoretical 

topology. However, introduction o f A^-glycosylation sites as reported indicated that TMD I 

is not spanning the membrane. Bennett and Kanner (1997) suggest that this highly 

hydrophobic region might form a pore loop structure associated with the plasma 

membrane. Consequently the formed TMD II becomes the first transmembrane domain 

and the first former extracellular loop is now intracellular. A hydrophobic portion o f  the 

second extracellular loop becomes the third transmembrane domain. Although this model 

has been proposed based on GATl and G LY Tl, it might well be relevant for all 

neurotransmitter transporters. Such a secondary structure has already been described for 

ion channels in which they can form a selective ion filter (MacKinnon, 1995). Figure 1.2 

illustrates the current topology models.
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Figure 12

Proposed topology models for the NaVCF -dependent family of neurotransmitter
transporters

This family of proteins is thougjit to consist of 12 transmembrane helices with large 
intracellularly located N- and C- termini. There is also a large extracellular loop containing 

several potential glycosylation sites, in addition to a number of potential phosphorylation 

sites which may play a role in the active regulation of these proteins. Two topology models 

have been predicted:

Model I; original model based on hydropathy plots of the proteins (Guastella etai, 1990) 
Model II: pore model proposed by Bennett and Kaimer (1997) and Olivares et al. (1997)



Interestingly, the former TMD I / pore loop region corresponds to a relatively well 

conserved sequence o f  the NaVCl'-dependent neurotransmitter transporter family 

(W illiams and Worrall, 1994) and it has been speculated that the highly conserved regions 

are pointing at structural elements important for the common functions o f  these 

transporters (Giros et a l ,  1994). To aid elucidation o f  structure-function relationships o f  

the neurotransmitter transporters, chimeras have been generated between the 

norepinephrine and serotonin transporters (Blakely et al., 1994) and norepinephrine and 

dopamine transporter (Giros et al., 1994). Numerous studies have suggested that 

transmembrane domains 1 to V  are likely to be involved in uptake mechanisms and NaVCl' 

transport (Blakely et al., 1994; Giros et al., 1994; Buck and Amara, 1994) and regions VI 

to VIII were proposed to determine tricyclic antidepressant binding and cocaine 

interactions and the remaining C-terminal regions in stereoselectivity and high affinity 

binding o f  substrates and inhibitors (Giros et al., 1994; Buck and Amara, 1994). Recent 

reports by Syringas et al. (2001) using chimeric constructs o f  the human DAT and NET  

further supports a role o f  the N H 2 terminal domain in the ionic dependence o f  the 

transporters.

Several discrete charged and polar residues within otherwise hydrophobic 

transmembrane domains are conserved between the transporters (glutamate residues in 

transmembrane domains II and X ) and at least one charged residue is unique to the 

monoamine carriers. Site-directed mutagenesis studies on the human DAT which contains 

multiple tryptophan and acidic residues that are completely or highly conserved among the 

NaVCl'-dependent transporters have shown that non-conservative mutation o f  tryptophan 

and aspartate residues greatly impacts ligand recognition and substrate transport (Kitayama 

et al., 1992; Blakely et al., 1994). Two conserved serine residues in helix VII also appear
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to be involved in dopamine binding and translocation, perhaps by interacting with the 

hydroxyl groups on the catechol ring (Kitayama et a l ,  1992).

The importance o f charged amino acids in the membrane domains o f the GABA 

transporter have also been studied (Pantanowitz et al., 1993). O f the five charged amino 

acids, only arginine 69 was determined to be absolutely essential for transporter activity 

and substitution with other positively charged amino acids does not restore activity. This 

arginine is in a highly conserved region comprising parts o f putative helices I and II. 

Conserved tryptophan residues in the membrane domains o f GAT have also been the 

subject o f investigation (Kleinberger-Doron and Kanner, 1994) whereby tryptophans 68 

(helix I) and 222 (helix IV) were essential for activity, with the latter position conserved 

amongst other neurotransmitter transporters. The n electrons o f the tryptophan have been 

proposed to interact with the amino acid group o f the neurotransmitters.

Several studies have pointed to the importance o f cysteine residues in maintaining 

transporter function and/or conformation and there are several cysteine residues highly 

conserved amongst this family, including a set o f cysteine residues residing in the putative 

first and second extracellular loops. When cysteine residues in DAT were replaced at 

positions 180 and 189 with alanine, transport activity was completely abated. When the 

third cysteine at position 80 was mutated, no loss in activity was observed (Wang et al., 

1995). A similar result was reported for the serotonin transporter when its corresponding 

cysteines were mutated (Chen et al., 1997). Experiments carried out using thiol group 

modifying reagents have shown that cysteine residues are important for dopamine 

transporter function (Schweri, 1990) and also for the serotonin transporter (Tarrant, 1995).

The quaternary status o f these transporters has not been fully elucidated and the 

available data is conflicting. As individual cDNAs confer transporter activity, it may be
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assumed that the proteins exist as monomers or are homo-oligomeric in their native state. 

Members o f this family have been shown to form aggregated complexes when analysed by 

SDS-PAGE (Radian et al., 1986; Kanner et a l ,  1993). A possible dimeric aggregate has 

been observed with the heterologous expression o f norepinephrine and dopamine 

transporters in COS cells (Bruss et al., 1995) and in the case o f the serotonin transporter 

expressed in HEK 293 cells (Jess et al., 1996) and in the Sf9 insect cell line (Tate and 

Blakely, 1994). Recent studies by Schmid et al. (2001) have shown the oligomeric 

existence o f SERT and GATl when visualised by fluorescence resonance energy transfer 

(FRET) microscopy. In these studies, the proteins were tagged with cyan and yellow 

fluorescent tags and over-expressed in HEK 293 cells and visualised by donor 

photobleaching and ratio-imaging. Monomers o f the transporters were virtually undetected. 

Hastrup et al. (2001) using cross-linking studies with copper phenanthroline and bis-(2- 

methanethiosulphatoethylamine hydrochloride have also reported that the human DAT 

forms dimers when heterologously expressed in HEK 293 cells. Evidence also exists for 

the existence o f transporters as monomers. Subsequent purification o f GAT heterologously 

expressed in E.coli resulted in a monomeric protein when solubilised in FOS-choline 

detergent (Li et al., 2001). Surface localisation studies on GLYTl and 2 expressed in 

Xenopus oocytes showed that surface-expressed G LY Tl and 2 exist exclusively in 

complex glycosylated monomers, whereas a significant fraction o f the intracellular 

transporters were core-glycosylated and oligomeric in nature (Horiuchi et al., 2001). This 

study in particular suggests that neurotransmitter transporters do not require 

oligomerisation for substrate translocation.

In summary, it is likely that no single discrete sequence element is sufficient to 

confer substrate specificity, but that the amino acid residues comprising the binding sites 

are merged together in forming the tertiary and/or quaternary arrangement.
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1.3.4 Ionic dependence and electrogenic properties

It is well established that all o f NaVCl'-dependent neurotransmitter transporters 

utilise as the primary driving force, the Na^ electrochemical gradient which is formed and 

preserved by the (Na^ /K'^)-ATPase across the plasma membrane (Lingrel, 1992). They 

also require Cl' to transport their substrate against a concentration gradient from the extra- 

to the intracellular compartment. Under normal physiological conditions, the energy 

obtained from the Cl' gradient is negligible when compared to that derived from that of 

Na\

Over the past ten years, the concept o f how transporters function has been an area 

o f significant interest and debate. Before the advent o f molecular cloning, determination of 

the stoichiometry o f native Na"^/Cr-dependent neurotransmitter transporters was performed 

in synaptosomes or in reconstituted vesicles. These studies were already suggesting that 

most members o f this family were electrogenic, carrying one or several positive charges 

for each substrate molecule transported with a stoichiometry o f 2NaVlC171 zwitterion 

(Kanner and Schuldiner, 1987). Studies using amphibian glial cells for recording the 

activity o f the glutamate and GABA transporters (Brew and Attwell, 1987; Cammack and 

Schwartz, 1993) and invertebrate neurons expressing a serotonin transporter (Bruns et a l,  

1993) provided experimental support to this inference.

With the advent o f molecular cloning, it was possible to successfully express 

transporters in Xenopus oocytes to high densities (higher than 10^/|jm^) and measure 

currents directly associated with transport (Zampighi et al., 1995). G A T l, the first NaVCl'- 

dependent neurotransmitter transporter to be cloned, was also the first o f this family to be 

characterised electophysiologically by measuring a steady-state inward current under 

voltage-clamp conditions (Kavanaugh et al., 1992; M ager et al., 1993) and the
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stoichiometry obtained was in reasonable agreement with the predicted ratio o f  2 NaVl Cl' 

/I GABA (Kanner and Schuldiner, 1987). Additionally, the uptake current was dependent 

on the presence o f Na"  ̂ and Cl' ions and blocked by specific GABA inhibitors. 

Interestingly, classic GABA or glycine transport inhibitors such as nipecotic acid or 

sarcosine were also found to be substrates and like GABA, these compounds evoked a 

current when applied alone (Kavanaugh et al., 1992; Supplisson and Bergman, 1997). 

Similar studies were applied to other members o f the transporter family such as NET (Galli 

et al., 1994), SERT (Mager et al., 1994), DAT (Sonders et al., 1997) and GLYTl & 

GLYT2 (Lopez-Corcuera et al., 1998) and in the cases o f NET and SERT, the recorded 

ionic coupling far exceeded the predicted values. Classical models o f transport could not 

explain this discrepancy and so it was proposed that there is some channel activity possibly 

associated with the transport cycle (reviewed by Lester et al., 1994; DeFelice and Blakely, 

1996; Kavanaugh, 1998). Support for this hypothesis that thermodynamically uncoupled 

currents may be associated with transporters, came from work on cone photoreceptor cells 

o f the tiger salamander where conductance recordings o f the glutamate transporter were 

made (Larsson et al., 1996; Sarantis et al., 1988). This view has also been extended to 

other neurotransmitter transporters and it seems that it is likely that these proteins may act 

as hybrid channel-transporters. However, it is worthy to note that these observations were 

not reproduced with expression o f transporters in Xenopus oocytes (Mager et al., 1991).

It is also clear that the functioning o f transporters in a channel capacity would have 

profound physiological consequences. It is possible that cellular depolarisation resulting 

from electrogenic GABA and glutamate uptake may function in initiating inter-cellular 

signalling as was suggested by the work o f Haugh-Scheidt et al. (1995) and Villalobos and 

Garcia-Sancho (1995). In any case, it seems that neurotransmitter transporters function in a 

far more complex fashion than what was originally supposed.
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1.3.5 Cellular and subcellular locations of the neurotransmitter transporters

The determination o f the primary sequences for neurotransmitter transporters 

allowed in depth analysis into the anatomical and cellular expression o f these proteins 

using specific antipeptide antibodies and cRNA probes. In situ  hybridisation and 

immunocytochemical data showed that the dopamine, noradrenaline and proline 

transporters are located exclusively on neurons (Freed et al., 1995; Bruss et al., 1995; 

Velaz-Faircloth et al., 1995). The serotonin transporter, the GA Tl and the G LYTl and 2 

are synthesised both in neurons and astrocytes (Zafra et al., 1995; Minelli et al., 1995; Bel 

et al., 1997). GATS is found in glial cells and GAT2 is expressed exclusively by arachnoid 

and ependymal cells (Ikegaki et al., 199; Durkin et al., 1995). Many NaVCl'-dependent 

neurotransmitter transporters are found in non-neuronal tissues as well as the brain (Amara 

and Kuhar, 1993; Kanai et al., 1993; Borden, 1996).

DAT and NET are specific markers o f dopaminergic and noradrenergic neurons in 

the CNS, as is SERT a marker for serotoninergic neurons, as its expression in astrocytes 

(Bel et al., 1997) seems to be hardly detectable in the CNS o f adult unlesioned rats 

(Masson et al., 1999). It seems that all GABAergic neurons express G A Tl mRNA, 

however GA Tl is also made in the pyramidal glutaminergic neurons in the cerebral cortex 

and the hippocampus (Minelli et al., 1995; Yasumi et al., 1997). GLYTl is expressed in 

both glycinergic and glutaminergic neurons in the brainstem and in the spinal cord and 

glutaminergic neurons within the forebrain (Zafra et al., 1995). It could be that the 

localised expression o f the various transporters is indicative o f interaction and cross-talk 

between various transporters.

On a subcellular level, it seems that some NaVCl’-dependent neurotransmitter 

transporters are addressed to specific subcellular compartments, whereas others are present 

all over the plasma membrane. DAT, SERT and NET have been shown to be present on
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dendrites, perikarya, axons and nerve terminals o f the corresponding monoaminergic nerve 

cells (Qian et a l ,  1995; Freed et al., 1995; Nirenberg et al., 1996 & 1997. Additional 

studies have also demonstrated that [ HJdopamine uptake occurs in the substantia nigra 

(Gauchy et al., 1994) and somatodendritic [^H]5-HT uptake was shown to occur in the 

dorsal raphe nucleus (Descarries et al., 1982). Other studies have shown DAT localised to 

the varicose and intravaricose plasma membrane o f striatal dopaminergic terminals o f the 

substania nigra pars compacta, but not in active synaptic zones (Sesack et al., 1998). In 

contrast, low levels o f DAT immunoreactivity are seen in the rat prefrontal cortex, most of 

which is extrasynaptic (Sesack et al., 1998). G A T l, GLYT2 and PROT seem to be 

restricted to axon terminals (Ikegaki et al., 1994, Velaz-Faircloth et al., 1995; Riback et 

al., 1996).

1.3.6 Glycosylation, trafficking and sorting of Na'^/Cl'-dependent neurotransmitter

transporters

The cellular mechanisms and molecular signals required for the targeting o f a given 

transporter are slowly being unravelled. Transfection o f transporter cDNAs into polarised 

cells such as LLCPK-1 and MDCK-1 epithelial cell lines provide a very useful model to 

study in neuronal transporter targeting. These cells being polarised consist o f two distinct 

and functionally different compartments that in fact mimic the structural set-up o f a 

neuron. The basolateral membrane seems to correspond to the somatodendritic domain o f a 

neuron, whereas the apical side is apparently equivalent to the nerve terminal (Dotti and 

Simons, 1990). Using model systems such as these cells has shown that DAT, NET and 

SERT are addressed to the basolateral and apical domains when expressed in MDCK and 

LLPCK cells (Gu et al., 1996), whereas GA Tl is found only in the apical domain o f the 

plasma membrane o f transfected epithelial cells (Pietrini et al., 1994).
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The role o f A^-linked glycosylation in the correct trafficking o f the transporter 

proteins has been shown to be an important factor. Enzymatic deglycosylation o f the 

glycine transporter (G LY Tl) did not alter its transport activity (Olivares et a i ,  1995) and 

removal o f consensus glycosylation site from the GLYTl (Olivares et a l ,  1995) and from 

SERT (Tate and Blakely, 1994) resulted in an accumulation o f unglycosylated protein in 

the intracellular compartment o f transfected cells. However, it was demonstrated that the 

ligand binding affinity o f the unglycosylated SERT that did reach the plasma membrane 

was not altered. A similar study with the noradrenaline transporter showed that the protein 

was still capable o f binding ligand, but the general protein stability and surface trafficking 

was greatly reduced (Melikian et al., 1996).

The exact mechanism governing the sorting and trafficking o f neurotransmitter 

transporters to axons and axon terminals has yet to be fully defined. It is assumed that there 

is a combination o f signalling and motor factors involved. Several studies hint at an 

involvement o f substrate-induced phosphorylation o f tyrosine residues as has been reported 

for GA Tl (Whitworth and Quick, 2001). This study suggested a model in which substrates 

permit the phosphorylation o f the transporter and that the phosphorylated state o f the 

transporter is refractory for internalisation. Other studies have suggested that syntaxin 

plays a role in mediating trafficking as has been suggested by studies on GLYT2 

(Geerlings et al., 2001) and GAT (Deken et al., 2000).

1.3.7 Regulation of neurotransmitter transporters

The presence o f serine and threonine residues that could serve as substrates for 

phosphorylation in the cytoplasmic amino and/or carboxyl termini o f the cloned 

neurotransmitter transporters supports the hypothesis that second messengers may 

modulate the function o f these transporter proteins. Protein kinase-dependent regulation o f
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several neurotransmitter transporters has been described. GABA uptake in primary cultures 

o f astrocytes or neurons was shown to be modulated by Ca^^ /calmodulin-dependent 

protein kinase, protein kinase C (PKC) and c-AMP-dependent protein kinase (Gomeza et 

a l ,  1991 & 1994; Corey et a i ,  1994a). Additional studies support a role for second 

messenger pathways in modulating monoamine uptake activities. Dopamine uptake in 

mouse striatum has also been shown to be significantly affected by a broad spectrum 

inhibitor o f  protein kinases (Simon et al., 1997). Both serotonin transport in a 

choriocarcinoma cell line (JAR cells) (Cool et al., 1991) and dopamine transport in 

hypothalamic neurons (Kadowakai et al., 1990) are stimulated by c-AMP-dependent 

phosphorylation.

M ultiple alignments o f the NaVCl'-dependent neurotransmitter transporters has 

shown the presence o f conserved PKC and in some cases PKA consensus phosphorylation 

sites in cytosolic domains, and supports the hypothesis that kinases may have a direct 

influence on the transporter proteins’ activities. Evidence for PKC-dependent negative 

modulation o f DAT activity was observed in transfected COS-1 and LLCPK-1 cells 

exposed to phorbol esters (Kitayama et al., 1994; H uff et al., 1997). Similarly, G LY Tlb 

and SERT have been shown to be inhibited upon PKC activation when expressed in HEK 

293 cells (Sato et al., 1995; Sakai et al., 1997; Ramamoorthy et al., 1998). In all cases, 

PKC-induced transporter inhibition was associated with a reduction in maximal transport 

rate (Vmax) with no alteration in the substrate affinity (Km), suggesting a reduction in 

functional surface transporter density. Indeed in the case o f  SERT, rapid internalisation o f 

the transporter in SERT-transfected HEK 293 cells was reported on PKC activation 

(Blakely et al., 1998; Ramamoorthy et al., 1998). Further studies, using site-directed 

mutagenesis o f all predicted PKC consensus sites in G LYTl and SERT however resulted 

in down-regulation o f the transporters, despite the loss o f PKC substrate sites. It was
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initially hypothesised that the down-regulation seen was not due to direct phosphorylation 

o f  the proteins (Sato et al., 1995; Sakai et al., 1997), however current views are that the 

PKC-phosphorylation sites are noncanonical (Ramamoorthy et al., 1998).

PKC has also been shown to upregulate G ATl activity in Xenopus oocytes (Corey 

et al., 1994), and this affect has been associated with a shift in GATl subcellular 

localisation to the plasma membrane (Quick et al., 1997). It was also discovered using site- 

directed mutagenesis and co-injection o f various mRNAs that the redistribution was 

dependent on the presence o f a leucine zipper in G A T l’s second transmembrane domain 

and the level o f syntaxin present (Corey et al., 1994; Quick et al., 1997). In summary, 

though it is likely that there are other mechanisms governing neurotransmitter transporter 

regulation, perhaps even machinery directly influencing elements determining the driving 

force behind transport, it is clear that a phosphorylation mechanism may play a major role 

in modulating transporter proteins. For now, the view is that the resulting changes affect 

the concentration o f transporter at the plasma membrane rather than intrinsic transport 

activity.

1.4 An Overview of the 5-Hydroxytryptaminergic System

The central serotonin neurotransmitter system consists o f a relatively small 

population o f  morphologically diverse neurons whose cells are principally found in the 

raphe nuclei o f the brainstem from where they project to numerous brain regions including 

cortical areas, the hippocampus and the basal ganglia (Parent et al. 1981; Steinbush 1981). 

Although there are only approximately 20,000 serotonergic neurons in the rat brain, the 

extensive axonal projection system arising from these cells bears a tremendous number of 

collateral branches so that the 5-HT system densely innervates nearly all regions o f the 

CNS (Jacobs and Azmitia, 1992; Halliday et al., 1992). This neuronal network is also one
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o f the earhest developing systems. The turnover rate o f serotonin (i.e. ratio o f metabolite to 

neurotransmitter) is higher in the immature mammalian brain than at any other time in life 

(W hitaker-Azmita, 1993).

Given its widespread distribution, it is not surprising that 5-HT has been implicated 

in the control o f numerous neural systems, including those that mediate cognition, affect, 

aggression and perception (Heninger, 1997; reviewed by Frazer and Hensler, 1999). 

Abnormal function o f the central 5-HT system has been associated with several psychiatric 

maladies, such as depression, anxiety and eating disorders. Moreover, this system is the 

target o f several highly effective pharmacological agents that are used widely to treat these 

conditions.

Serotonin is synthesised within the cell bodies o f these serotonergic neurons. 

Synthesis o f brain serotonin begins with the amino acid tryptophan, which is actively 

transported across the blood-brain barrier (reviewed by Osborne, 1982). Tryptophan is 

enzymatically converted to serotonin. Serotonin is metabolised and inactivated by 

monoamine oxidase, a flavoprotein associated with the mitochondrial outer membrane, to 

5-hydroxyindoleacetaldehyde, which is converted by aldehyde dehydrogenase to the major 

metabolite, 5-hydroxyindoleacetic acid (5-HIAA). Clearance o f serotonin after release 

from the nerve terminal is determined by the action o f the Na”̂- and Cl' -dependent 

serotonin transporter (see Figure 1.3).

1.4.1 Serotonin receptors

The multiple actions o f serotonin are mediated by the specific interactions o f this 

amine with several receptors located exclusively on the plasma membrane o f the post- 

synaptic neuron. The coupling o f receptors to different effector systems, as well as their 

heterogeneous anatomical locations at both cellular and neuronal circuit levels augments
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Figure 1.3 

Serotonergic Neurotransmission

Tryptophan, the precursor o f serotonin is an essential dietary requirement and 

cannot be synthesised de novo. It is actively transported across the blood-brain barrier and 

is taken up into serotonergic neurons and hydroxylated at the 5' position by tryptophan 

hydroxylase, the rate-limiting and key regulatory enzyme in the serotonergic system. 5- 

Hydroxytryptophan is decarboxylated to 5-HT by L-aromatic amino acid decarboxylase 

and is translocated into synaptic vesicles by vesicular monoamine transporter (VMAT), a 

H^-dependent transporter. Following the arrival o f an action potential at the nerve terminal, 

and the subsequent influx of calcium ions, neurotransmitter-containing vesicles fuse with 

the pre-synaptic plasma membrane, releasing serotonin into the synaptic cleft. After 

diffusion across the synaptic cleft, serotonin binds to post-synaptic receptors leading to 

excitatory or inhibitory post-synaptic potentials and can also bind to specific receptors 

present on the presynaptic terminal (termed autoreceptors) to modulate its own release. 

Serotonin is removed from the synaptic cleft by reuptake mediated by the Na”̂ -coupled 

serotonin transporter, which also translocates Cl' and K'*'. The serotonin transporter is 

located on the synaptic plasma membrane and is also found in the processes o f glial cells, 

which are in close contact with the synapse. Upon reuptake, serotonin may be degraded by 

monoamine oxidase (MAO), a flavoprotein associated with the outer mitochondrial 

membrane to 5-Hydroxyindoleacetaldehyde, which is then converted to 5- 

Hydroxyindoleacetic acid (5HIAA) by aldehyde dehydrogenase. Serotonin may also be 

recycled into synaptic vesicles.
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the complexity o f  the serotonergic system. Pharmacological, physiological and molecular 

biological studies identified at least seven distinct receptor subtypes that have now been 

cloned. The 5HT receptors may now be divided into seven distinct families: 

5 H T i a , i b , i d , i e , i f , 5 H T 2 a ,2b ,2c ,2d , 5 HT3, 5 HT4, S H T s a .s b , 5HT6, 5HT7 (reviewed by Peroutka 

1995; Hoyer et al. 1994) and many o f  the isotypes are most likely the result o f  alternate 

splicing o f  receptor mRNA.

With the exception o f  5 HT3 receptors, which are ligand-gated ion channel receptors 

with 4 putative transmembrane domains, all the other 5HT receptors are 7 transmembrane 

polypeptides interacting with G-proteins and are differentiated by their localisation in the 

CNS and may not always share the same effector systems. For example, the 5HTi receptor 

subtypes are encoded by intronless genes and are all thought to be negatively coupled to 

adenylyl cyclase. The 5 HT2 receptor family stimulates phosphoinositol-specific 

phospholipase C (PI-PLC). 5HT3 receptor is homomeric and belongs to the ligand-gated 

ion channel superfamily, causing rapid depolarisation o f  neurons resulting from a transient 

inward current. Ligands for this receptor can cause pain and sensitisation o f  the nociceptive 

neurons and induce nausea and vomiting. Additionally, like other members o f  the ligand- 

gated ion channel superfamily, it appears to possess pharmacologically distinct recognition 

sites for alcohols and anaesthetic agents, by which this receptor can be allosterically 

modulated. 5HT4, SHTe and SHT? receptors are included in a family o f  serotonin receptors 

coupled to the stimulation o f  adenylyl cyclase. The 5HTe receptor is approximately 30% 

homologous to the other receptors and when expressed in transfected cells, shows high

•j ■>

affinity for [ H]LSD and [ H]5-HT. Interestingly this receptor also has high affinity for a 

number o f  antipsychotic and antidepressant drugs including clozapine, clomipramine and 

mianserin. Although having 30% hom ology to the other serotonin receptors, no selective 

agonists have been reported for the SHT? receptor, which is known to stimulate adenylyl
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cyclase. The 5HTs receptors may constitute a new family o f serotonin receptors since they 

are neither coupled to adenylyl cyclase or PI-PLC and their homology to other serotonin 

receptors is low.

The nature o f the information transferred across a synapse depends both on the 

receptor that is present and the cell type in which the receptor is expressed.

1.4.2 The Serotonin Transporter

The serotonin transporter is a member o f the Na”̂- and Cl'-dependent family o f 

neurotransmitter transporters and is responsible for the termination o f serotoninergic 

neurotransmission. Primarily, it was identified in the central nervous system tissue, but was 

later found to be present in blood platelet membranes, where it is involved in the uptake o f 

plasma 5HT for subsequent storage (Briley et al. 1979; Rudnick 1977). The platelet 

transporter has been found to have similar biochemical and pharmacological properties to 

the neuronally located transporter and consequently platelets, which are easily accessible, 

have provided an important source o f transporter for functional, biochemical and 

pharmacological characterisation (Wennogle et al., 1981). The transporter has also been 

studied from both brush border membranes o f term human placental choriocarcinoma 

(Ramamoorthy, 1992), although the physiological role o f SERT in the function o f foetal 

growth and development remains unclear. It has been speculated though to aid in the 

removal o f 5-HT, which may act as a vasoconstrictor, from the intervillous space, thus 

maintaining uteroplacental blood flow (Ganapathy and Leibach, 1994 & 1995).
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1.4.3 Structural, Topological and Molecular Properties of the Serotonin 

Transporter

The serotonin transporter is an integral membrane protein requiring detergent for 

solubilisation, with digitonin, 3-[(3-chloamidoproylO-dimethyl-ammonio]- 

propanesulphonic acid (CHAPS) and cholic acid most commonly used to retain 

functionality with regards ligand binding and transport (Talvenheimo and Rudnick 1980; 

Rehavi et ah, 1982; Cesura et ah, 1983; Habert et al., 1986; O'Riordan et a i ,  1986).

The availability o f high affinity ligands for SERT has been instrumental in the 

development o f purification schemes based on affinity chromatography. A 10,000 fold 

partial purification o f digitonin-solubilised platelet transporter was achieved by Biessen et 

al. (1990) using wheat-germ agglutinin and aminomethylcitalopram affinity 

chromatography resulting in SDS-PAGE bands o f 78 and 55 kDa. The digitonin- 

solubilised rat cerebral cortex serotonin transporter was partially purified (2000-fold) using 

a similar strategy (Graham et al., 1992). A one-step purification o f SERT from fresh 

human platelets, solubilised with Streptolysin O, a sulphydryl-dependent bacterial protein 

toxin has been described by Launay et al. (1992) using affinity chromatography with 

serotonin or 6-fluorotryptamine as ligands. A single band o f 68 kDa was obtained, 

although only 1.6% o f the original specific ligand binding activity o f membrane transporter 

was detected in the purified fraction.

Studies on SERT structural and molecular properties were advanced greatly by the 

cloning o f the cDNAs in 1991. Blakely et al. (1991) isolated a rat brain clone by PCR 

using degenerate oligonucleotides derived from two highly conserved regions o f the 

GABA and noradrenaline transporters (residues 66-88 in the former and 78-98 in the 

latter). Simultaneously, the expression and cloning o f a sequence from rat basophilic 

leukemia cells was reported by Hoffman et al. (1991). The two sequences differed in the
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N- and C-terminal regions. However, these differences were due to sequencing errors and a 

single cDNA encoding a protein o f 630 amino acids is correct. The rat and human 

sequences were found to share a sequence homology o f 92%.

Hydropathy analysis indicated 12 putative transmembrane regions, with potential 

glycosylation sites in the large extracellular loop between transmembrane region III and IV 

(see Figure 1.4 for schematic representation o f rSERT helix arrangement). Comparison of 

the predicted amino acid sequences with those o f the GABA and noradrenaline transporters 

showed 38% and 47% identity respectively (reviewed by Worrall and Williams, 1994). 

One potential cAMP-dependent protein kinase phosphorylation site was found in the N- 

terminal cytoplasmic region. The protein kinase C site in the rat sequence was not 

conserved in the human sequence (reviewed by Worrall & Williams, 1994). The 

quartemary structure o f the transporter still remains undetermined, however several studies 

point in favour o f the existence o f SERT oligomers, with possible SERT functionality as a 

monomeric form (Jess et a l ,  1995; Chang et a l ,  1998, Kilic et a l ,  2000).

1.4.4 Pharmacology and Physiology of the Serotonin Transporter

O f all the neurotransmitter transporters, SERT has received particular attention 

because it is the primary target o f a wide range o f clinically important antidepressants and 

several drugs o f abuse including ecstasy and cocaine.

About 5-10% of Western society suffer from depression and this has been linked to 

dysfunction in serotonergic neurotransmission and has been postulated for the pathogenesis 

o f  depression (Coppen 1967; Meltzer et al. 1987). Several studies have shown a direct 

interaction o f serotonin transporter with tricyclic antidepressants or TCAs (such as 

imipramine, paroxetine) and Selective Serotonin Reuptake Inhibitors or SSRIs (such as 

citalopram or fluoxetine or 'Prozac'). These TCAs and SSRIs block SERT, thereby
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enhancing serotonergic signalling in affective disorders (Barker and Blakely, 1995). 

Although the inhibitory mechanisms o f TCAs and SSRIs at the serotonin transporter are 

poorly understood, pharmacological studies indicate the existence o f distinct binding sites 

for these two classes o f antidepressants on the transporter protein and complex interactions 

between these sites as well as with the substrate translocation site have been postulated 

(O'Riordan et al. 1994; Barker et al. 1994). Extensive characterisation o f the binding 

properties and dissociation kinetics o f imipramine has led to the proposal that two distinct 

imipramine states o f the protein can exist (O'Riordan et al. 1990). Studies postulate that the 

affinities o f the two binding sites on human platelets transporter differed by 3-to-5 fold, 

and sodium could convert the lower affinity conformational state to the higher affinity 

state. Pharmacological analysis o f the recombinant rat serotonin transporter revealed that 

the potency for imipramine to inhibit serotonin transport is more than one order o f 

magnitude lower than its direct binding affinity indicating different affinity states for 

imipramine to exist on this transporter molecule, one o f which is sodium dependent 

(Schloss & Betz 1995). Citalopram, the SSRI was found to bind exclusively to SERT in a 

Na"  ̂ independent manner. Further discussion on the interaction o f SERT and 

antidepressants can be found in Chapter 5.

The isolation o f SERT cDNA and the use o f heterologous expression systems 

allowed the analysis o f antidepressant/substrate interactions at a molecular level and the 

comparison o f binding and transport parameters o f the recombinant protein from different 

species. It became evident that the transporters from rat and human, although having 92% 

overall sequence homology, exhibit pronounced pharmacological differences (reviewed by 

Schloss and Williams, 1998) and this is further discussed in Chapter 5.

The construction o f SERT chimeras between rat and human polypeptides has been 

a very useful tool in identifying distinct and essential molecular domains involved in
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ligand binding and substrate translocation. This technique allowed the identification o f  a 

domain distal from amino acid 531 which define the decreased sensitivity o f the rat SERT 

to imipramine compared to the human analogue (Barker et ah, 1996). Further amino acid 

analysis by Sur et al. (1997) implicated a specific serine residue in the region o f amino 

acid 531 in high affinity binding o f imipramine to rat SERT, but also suggested its 

involvement in Na^ dependence o f serotonin translocation by the transporter protein. 

Furthermore, site-directed mutagenesis by Chen et al. (1997) and Sur et al. (1997) 

postulated the importance o f several cysteine residues in cation binding and serotonin 

transporter trafficking to the plasma membrane. Chemical modification experiments using 

thiol-modifying agents confirmed a structural role for Cys in SERT both for antidepressant 

binding and serotonin uptake (Tarrant 1996).

In addition to being affected by antidepressants, the serotonin transporter also 

represents the target for amphetamine-induced serotonin release. MDMA ('Ecstasy'), p- 

chloroamphetamine (PCA) as well as non-neurotoxic amphetamines 3-methoxy-4- 

methylamphetamine and 5-methoxy-6-methyl-2-aminoindane have been found not only to 

competitively inhibit serotonin transport into human platelets with high affinity by acting 

as a substrate, but also to stimulate previously accumulated [^Hjserotonin efflux from these 

platelets ( Rudnick and Wall, 1992 & 1993) and SERT transfected LLC-PKl cells (Wall et 

al., 1995) by reversed plasma membrane transport The finding that both amphetamine- 

mediated processes are Na"^-dependent and imipramine-sensitive is consistent with a model 

in which amphetamines are transported by SERT, implicating SERT as a serotonin- 

amphetamine exchange system (reviewed by Schloss & Williams, 1998). Targeted gene 

disruption has shown that SERT is a main target o f action o f MDMA, as the locomotor- 

enhancing effect o f MDMA is completely absent in mice lacking the SERT (Benegel et al., 

1997). Phosphorylation studies by Ramamoorthy and Blakely (1999) also support
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amphetamine as substrates for SERT and suggest that they may operate a similar 

regulatory mechanism as 5-HT affecting the transporter. Amphetamines substitute for 5- 

HT in suppressing PKC-mediated SERT phosphorylation and it was suggested that such 

action could override homeostatic transporter sequestration processes and provide 

psychostimulant sensitisation by increasing the number o f psychostimulant targets 

available to a subsequent stimulus.

SERT also represents one o f the binding sites for cocaine and binding to the 

transporter occurs with an affinity ( K d) of about 1 )^M (Eshleman et a i ,  1999). Multiple 

binding sites for the cocaine analogue RTI55 have been shown to be present in rat caudate 

membranes and these sites have been shown to compose SERT and DAT (Rothman et a l ,  

1994). Cysteine scanning mutagenesis o f the transmembrane segment III in SERT has 

suggested two residues (He 172 and Tyr 176) to be in close proximity to the cocaine 

binding site (Chen et al., 1997). Recent studies by Ni and co-workers (2001) have shown 

that the presence o f Li"̂  induces a conformational change in rSERT that exposes a cysteine 

residue located at position 109 o f the first extracellular loop, resulting in decreased

125[ I]RTI55 affinity which may have implications for the location o f the cocaine binding 

site.

The ability o f specific antidepressants and cocaine analogues to compete with the 

substrate serotonin coupled with differing Na"  ̂ and Cl' and pH dependencies o f binding 

suggest that both common and differing regions make up the different binding sites. These 

binding sites have been suggested to form from different regions o f polypeptide chains 

brought together in the tertiary structure (Moore and Blakely 1994; Barker and Blakely 

1996).

30



1.4.5 Substrate transport and ion permeation by the serotonin transporter

Members o f the NaVCl'-dependent neurotransmitter transporter family have been 

shown to display ion channel-like electrical activities, mediating both a constitutive leak 

current and a transport-associated current and this topic has already been discussed in 

Section 1.3.4. The same is true o f SERT and to date, there are four conducting states 

defined to occur (Mager et a l ,  1994; Cao et a i ,  1997). These is firstly a conductance 

associated with 5-HT uptake, secondly Na^ leakage current in the absence o f 5-HT (Mager 

et al., 1994), thirdly a voltage-dependent transient current is reported to occur (M ager et 

al., 1994) and finally additional current at low pH probably carried by protons have also 

been demonstrated (Cao et al., 1997). In kinetic terms, many studies have also revealed 

that SERT is responsible not only for the inward movement o f released neurotransmitter, 

but also for outward movement o f 5-HT under certain pharmacological, physiological and 

pathophysiological conditions (Levi and Raiteri, 1993). Superfusion studies have revealed 

more details o f the mechanism o f 5-HT transport and it is known that the inward and 

outward transport o f 5-HT and other SERT substrates under lowered extracellular Na"̂  

concentrations are different, with low extracellular sodium inducing a conformational 

change that is unfavourable to 5-HT inward transport (Schloze et al., 2000; Sitte et al., 

2001).

Over the years, several models have been proposed to account for ion permeation 

and 5-HT transport. Cao and co-workers (1998) have suggested that the transport protein 

contains a channel-like lumen flanked by intracellular and extracellular gates (see Figure

1.5 for details). These gates open and close individually and sequentially in response to the 

binding o f transported substances, with resulting changes in compartmentalisation that 

form the essence o f coupled transport (Lester et al., 1994 & 1996). This is what is known 

the “coupled transport” and violation o f this mechanism may account for other seen
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Figure 1.5
Schematic Diagram of the Transport Cycle for SERT

One 5-HT molecule is transported into the transporter along with a single Na^ ion and a 

single C r  ion (states 6, 1,2 and 3). A single ion leaves (states 5 and 6) through the open 

external gate. When 5-HT, Na^ and Cl' bind within the lumen, the external gate closes and 

the internal gate opens (state 1 —> state 2). This changes the compartmentalisation o f the 

three substrates, which accounts for their coupled flux. When then binds within the 

lumen, the internal gate closes, and the external gate opens, accounting for the obligatory 

role o f (state 4 —> state 5). (Adapted from Cao et a l ,  1998 & Rudnick and Clark, 1993)
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currents. Several studies have suggested that transmembrane domain III comprises part o f 

the lumen (Lin et al., 1996; Chen et al., 1997b). Mutational studies focussing on the role o f 

Ser545 in transmembrane domain 11 o f the rat SERT that seems to participate in Na"̂  

binding, suggest that this region is a component o f the external gate (Sur et al., 1997). 

Other studies have localised other areas that contribute to 5-HT transport and ion 

permeation. Mutational studies have correlated several structural predictions about SERT 

with the physical mechanisms by which the Na"  ̂ and Cl" gradients are coupled to 5-HT 

translocation. Studies by Barker et al. (1999) examining the mutation o f an Asp 98 residue 

in transmembrane domain I indicated that it selectively impacts ion permeation coupled to 

5-HT transport, in addition to modulating selective aspects o f substrate recognition and 

substrate-induced currents. Recent mutation studies on the transmembrane domain VII 

showing a critical stripe o f residues including several cysteines suggests that this domain is 

involved in propagating conformational changes caused by ion binding (Kendall et al., 

1998; Kamdar et al., 2001). Kamdar and co-workers further postulated that the stripe o f 

residues under study may represent a close contact region between transmembrane domain 

VII and other transmembrane domains in the transporter’s three-dimensional structure. 

Interestingly, studies by Smicun and co-workers (1999) suggested that external loops 4 and 

6 which are formed from transmembrane domains, VII and VIII, and IX and X, 

respectively, are not the primary determinants o f substrate binding, but may function 

instead in maintaining stability and conformational flexibility o f the transporter, hinted by 

markedly decreased intrinsic SERT activity.

However, despite the recent advances in this field, much work is necessary to fully 

elucidate the true transport mechanism.
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1.4.6 Regulation of the Serotonin Transporter

Most aspects o f  chemical signalling at synapses are under tight control including 

neurotransmitter biosynthesis and target responsiveness. V iewed in this context, it would 

be expected that neurotransmitter uptake would be subject to both acute and chronic levels 

o f  regulation. Multiple observations lend credence to the possibility that second 

messengers, whose concentrations are elevated by receptor activation and or membrane 

depolarization may rapidly alter activity o f  SERT in situ (reviewed by Barker and Blakely 

1994).

The presence o f  multiple, canonical serine and threonine phosphorylation sites on 

SERT cytoplasmic domains (Blakely et al., 1991; Hoffman et al., 1991; Ramamoorthy et 

al., 1993; Miller et al., 1994) and the ability o f  NH 2 and COOH termini, where most o f  

these sites lie, to serve as substrates for purified kinases (e.g. PKC, PKA (Blakely et al., 

1997; Qian et al., 1995) suggests rapid kinase-mediated regulation o f  5-HT uptake may 

occur, in part as a consequence o f  phosphorylation. Qian et al. (1997) showed that PKC 

activators, such as phorbol 12-myristate 13-acetate (P-PM A), rapidly and in a 

concentration dependent manner, elevate basal levels o f  hSERT phosphorylation 3-5 fold 

in SERT transfected HEK-293 cells (Blakely et al., 1998). Treatment with p-PMA (1 |j.M) 

for 30 min induced a 30-40% reduction in surface pools o f  hSERT protein in transfected 

HEK 293  cells, with a concomitant increase in intracellular SERT protein as was 

determined by surface biotinylation studies (Ramamoorthy and Blakely, 1999). It has also 

been reported that the presence o f  5-HT significantly diminishes PKC-mediated SERT 

phosphorylation in transfected HEK 293 cells, resulting in a 40-60%  reduction in SERT 

phosphorylation even at a concentration o f  P-PMA causing maximal phosphorylation o f  

SERT (Ramamoorthy and Blakely, 1999). This suppression o f  phosphorylation was not a
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consequence o f  increased intracellular 5-HT. Furthermore, these studies suggested that 

since the EC50 for 5-HT suppression o f PKC-mediated SERT phosphorylation is 

substantially lower than the Km for 5-HT transport; phosphorylation may be linked to high- 

affmity steps in the translocation cycle such as initial substrate binding. Studies on the 

effects o f tetanus toxin on the activity o f SERT in rat synaptosomes suggested that non

competitive inhibition o f transporter activity occurs through SERT phosphorylation 

mediated by phospholipase C cross-talk with PKC (Najib et a l ,  2000). A putative model 

for PKC-mediated regulation o f SERT o f is shown in Figure 1.6.

Protein phosphatase (PPl and PP2A) inhibitors such as okadaic acid, microcystin 

and calyculin A also promote SERT phosphorylation and functional downregulation in 

human SERT transfected HEK 293 cells (Ramamoorthy et al., 1998). Recent studies have 

reported the existence o f physical complexes o f SERT and the catalytically active 

phosphatase 2A protein in native preparations and in heterologous systems overexpressing 

SERT. These complexes were shown to be disrupted by PP1/PP2A inhibitors as well as 

PKC activators and could be stabilised by 5-HT, suggesting that modulation o f 

transporter/phosphatase associations are involved in regulated transporter phosphorylation 

and trafficking (Bauman et a i ,  2000).

PKCs are not the only protein kinases that phosphorylated SERT in HEK 293 cells 

(Ramamoorthy et al., 1998). The SERT phosphorylation that arises from PKA activation 

by cholera toxin is insensitive to PKC agonists and 5-HT has no influence on the 

phosphorylation status triggered by cholera toxin, hinting at the unmasking o f other 

cellular kinases that target SERT in a 5-HT independent manner (Ramamoorthy and 

Blakely, 1999).

The serotonin transporter has also been reported to be under the control o f cAMP- 

dependent (Cool et al. 1991; Ramamoorthy et al., 1995) and calmodulin-dependent
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Figure 1.6
Models to explain the ability of 5HT or amphetamines to modulate PKC- 

dependent hSERT phosphorylation
SERT in the process of translocating substrates may adopt conformations 
incompatible with PKC-dependent phosphorylation and sequestration. 
Alternatively, substrate translocation may alter phosphatase or accessory protein 
access to PKC-dependent SERT phosphorylation sites, thereby limiting 
phosphorylation and sequestration. T, transporter; P, phosphorylation, (adapted 
from Ramamoorthy e/a/., 1999).



(Jayanthi et al. 1994) regulation in a human placental line. Calmodulin appears to increase 

the transporter activity, but this effect appears to be at the post-translational level in JAR 

human placental choriocarcinoma cells (Ramamooorthy et al. 1993). Serotonin transporter 

gene expression has been demonstrated to be up-regulated by staurosporine (Ramamoorthy 

et al. 1995), herbimycin A (Prasad et al., 1997) and epidermal growth factor (Kekuda et 

al., 1997). It was also reported that IL -ip  enhances the activity o f SERT and this effect 

was associated with an increase in the steady-state levels o f transporter mRNA 

(Ramamoorthy et al. 1995) and further studies suggest that this may represent a 

mechanism for controlling maternal circulatory vasoconstriction (Kekuda et al., 2000). 

Tyrosine phosphorylation was shown to be an essential component o f the signalling 

pathways participating in the regulation o f human serotonin transporter gene expression in 

placenta (Kekuda et al., 1997; Prasad et al., 1997).

Several other mechanisms regulating SERT activity have been reported. SERT has 

been shown to be upregulated upon activation o f A3 adensoine receptors (Miller and 

Hoffman, 1994). This effect is thought to be mediated by the second messenger nitric 

oxide and to be due to an enhanced transport rate occurring perhaps through redistribution 

o f protein from subcellular compartments to the plasma membrane.

Together the above reports reveal SERT to be a phosphoprotein whose 

phosphorylation state is likely to be tightly controlled by multiple kinase and phosphatase 

pathways that may also influence the transporter's regulated trafficking. The modulation of 

SERT by antidepressants is discussed in Chapter 5.
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1.4.7 Serotonin transporter gene

The human SERT has been cloned and localised on chromosome 17qll.2  

(Ramamoorthy et a i ,  1993a). This gene spans 35 kilobases and is organised in 14 introns. 

The major transcript is 2.8 kb in length, consisting of 208 bp o f 5' untranslated region and 

694 bp of 3' untranslated region flanking the transcript (Heils et a i ,  1995). The hSERT 

promoter contains a TATA-like motif and several potential transcription factor binding 

sites such as those for API, Ap2, Spl and a CRE-like motif in the 5' flanking region. The 

information held within the 1.4 kb 5'flanking region is adequate to allow cell-specific Na^ - 

dependent expression and expression is regulated by a combination of positive and 

negative cis acting elements operating through a basal promoter unit defined by a TATA- 

like motif (Ramamoorthy et a l ,  1993a). Figure 1.7 shows a schematic diagram 

representing the hSERT gene. The rat gene encoding SERT has also been well 

characterised and comparisons between the human and rat coding sequences can be made. 

The proximal core signal for mRNA cleavage/polyadenylation in hSERT (ATTAAC) is 

divergent from the rat (ATTAAA), and may lead to alternative usage of additional 

polyadenylation sites resulting in the multiple mRNA species, which is observed in 

humans. It could also affect message stability and yield. Interestingly, sequence identity 

between human and rat SERT in the preceding 72 bp of the 5' non-coding sequence and the 

543 bp of the 3' non-coding sequence exhibit conspicuous stretches of alignment, with 

72% and 57% overall identity, respectively. This also suggests the presence of elements in 

the primary transcripts of SERT perhaps affecting RNA stability or translational efficiency 

(Ramamoorthy et a l ,  1993a).

Since SERT has been shown to be the major site o f action of many antidepressants, 

much interest has focussed on the roles played by SERT in the generation of affective 

disorders, psychosis and anxiety symptoms. No allelic variation has been observed in the
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coding region o f  the SERT gene in patients with affective disorders (Altemus et a l ,  1996; 

Di Bella et al., 1996). Consequently, the association o f  polymorphic regions to 

susceptibility o f  these problems has in recent years come under intense scrutiny. Linkage 

studies o f  polymorphism regions with the SERT gene have indicated that a possible 

relationship exists between some polymorphisms and susceptibility to depressive disorders. 

Multiple polymorphisms are found in the 5'-flanking region and in the second intron 

(Lesch et al., 1994; Heils et al., 1995). Interestingly, the two variants (termed long and 

short) in the 5' region are associated with different rates o f  SERT expression and the short 

allele leading to the lowest transcription rate seems to be more frequent in subjects with 

anxiety-related personality traits (Lesch et al., 1996a) and in alcoholics with suicidal 

behaviour (Gorwood et al., 1998; Courtet et al., 2001). These long and short 

polymorphism genotypes were distributed according to Hardy-Weinberg equilibrium o f  

32% l/l, 49% l/s and 19% 55 (Collier et al., 1996). A polymorphism present within the 

second intron consists o f  a variable number o f  tandem repeats (VNTR) containing between 

9, 10 and 12 copies o f  a 17 bp element (Collier et al., 1996). Moreover allelic forms at the 

second intron locus seem to be associated with bipolar and unipolar disorders, whereby the 

difference in the number o f  copies o f  the repeated 17-bp element has been correlated with 

susceptibility to these disorders (Battersby et al., 1996; Collier et al., 1996; Ogilvie et al., 

1996; Bellivier et al., 1997.

The association o f  the SERT gene’s polymorphism with other conditions is now  

actively being investigated. Studies by Seeger et al. (2001) have demonstrated a link 

between enhanced levels o f  the long allele and hyperkinetic disorder in children and 

adolescents. The condition o f  late-onset Alzheim er’s disease has also being associated with 

SERT gene polymorphism, where the frequency o f  the s allele was found to be elevated in 

subjects suffering from this condition (Li et al., 1997). A  recent study by M acKenzie and
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Quinn (1999) explored the possibility that SERT intron 2 VNTR polymorphic regions may 

act as transcriptional regulatory sequences during embryonic development. Using 

transgenic mice expressing two o f these polymorphisms, they could show that the levels o f 

SERT mRNA produced in the rostal hindbrain differed significantly between the two 

polymorphism repeat numbers. Since the rostal hindbrain is reported to be the area where 

5-HT neurons first develop in a cluster designated B5-9 (Hynes and Rosenthal, 1999), the 

study by MacKenzie and Quinn (1999) suggests that inappropriate levels o f SERT 

expression in this region may be produced if  the gene is driven by a stronger or weaker 

than normal positive transcriptional regulator. This situation may have the effect o f 

increasing/decreasing local morphogenic 5-HT levels and leading to possible aberrant 5- 

HT neuron development and have later repercussions on the emotional state o f the 

individual.

1.4.9 Serotonin transporter expression

The mRNA for the rat and human serotonin transporter has been localised in brain to 

serotoninergic neurons in the raphe nuclei and the midbrain (Austin et al., 1994; Hoffman 

et al., 1991). Recent studies have localised the expression o f SERT in cultured rat 

astrocytes (Inazu et al., 2001) and in human astrocytes (Kubota et al., 2001. 

Immunocytochemistry with anti-peptide antibodies directed against SERT was used to 

probe for the regional distribution o f SERT protein expression in the rat brain (Sur et al., 

1996a). A widespread and heterogeneous distribution o f the transporter in rat brain was 

reported and it was suggested that SERT is preferentially sorted into axons where it is 

concentrated at varicosities and terminal boutons. Additional studies (Sur et al., 1997b) 

demonstrated the immunocytochemical localisation o f SERT in the rat spinal cord,
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correlating with 5-HT containing fibres that are associated with nociceptive and motor 

circuits.

The distribution o f SERT mRNA in various tissues has also been investigated. In 

addition to detection o f SERT mRNA in CNS tissues, it has also been localised to several 

peripheral tissues including lung, placenta (Balkovetz et a i ,  1989) and platelets (Rudnick, 

1977). Blakely et al. (1991) also demonstrated a high level o f SERT mRNA in the rat 

adrenal gland, a tissue not thought to synthesise 5-HT. Using Northern blot analysis, SERT 

appears to be encoded by a single transcript in the midbrain, brain stem and peripheral 

tissues o f the rat and mouse (Blakely et al., 19991; Hoffman et al., 1991; Chang et al., 

1996), hSERT hybridisations carried at high stringency recognised multiple RNAs in 

human placenta and lung (Ramamoorthy et al., 1993a).

1.5 Aims of the study

The aim o f the present study is to elucidate some o f structure-function and 

pharmacological aspects o f the mammalian serotonin transporter.

As the determination o f the two- and three-dimensional crystal structure o f any 

membrane protein is an important step in understanding how biological interactions occur 

at the atomic level, an abundant supply o f purified material is necessary, a demand which 

is often satisified by the use o f bacterial or yeast systems which can be engineered to 

produce milligram quantities o f heterologous protein. Although rSERT was successfully 

overexpressed in the yeast expression system Pichia pastoris, it was concluded to be o f a 

low affinity form (Baker, 1997). The first part o f the present study was to elucidate a 

means to improve the folding status o f  the rSERT protein over-expressed by this yeast by 

way o f membrane sterol manipulation.
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The membrane environment o f the cell has been shown to have significant 

influence on membrane protein activity (Yeagle, 1991). The second part o f the present 

study was to investigate the modulation o f the rat serotonin transporter by membrane 

cholesterol using the mammalian cell line HEK 293 as the model system to explore this 

area.

SERT represents the molecular target o f many TCAs and SSRIs and it has been 

reported that these compounds bind to distinct sites on the transporter molecule. The 

present study investigated the nature o f interactions o f these compounds with regards the 

rat and human serotonin transporters, and aimed to determine inter- and intra-species 

variations.

Finally, the use o f antibodies in the elucidation o f  membrane protein structure- 

function relationships is a useful tool. The range o f SERT antibodies is limited. However, 

the use o f  selective protein tags now provides a means o f  specific protein detection, due to 

the large availability o f monoclonal anti-bodies against these tags. The final aim o f the 

present study was to clone a w>^c-tagged human SERT and over-express it stably in HEK 

293 cells.
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Chapter 2 

Materials and Methods



2.1 Materials

2.1.1 Plasmids

pHIL-D2 and pcDNA3.1 were obtained from Invitrogen Corp., De Schelp 26, 9351 NV 

Leek, The Netherlands.

2.1.2 Pichia pastoris Strains

Pichia pastoris GS115 was obtained from Invitrogen Corp.

2.1.3 Escherichia coli Strains

E.coli strains SCSI and TBl were gifts from Dr. Sandra Horschitz (Mannheim)

2.1.4 Mammalian Cell Lines

Human embryonic kidney cell line HEK 293 were obtained from Gibco.

HEKrSERT and HEKhSERT cell lines were gifts from Drs. Patrick Schloss (ZI

Mannheim) and Harald Sitte (University of Vienna).

2.1.5 Antisera

Antibodies ST-20 and AB1594P against the serotonin transporter were purchased from 

Santa Cruz Inc. and Chemicon respectively. Antibody against Caveolin was purchased 

from Santa Cruz Inc. Secondary antibodies that were fluorescence-coupled or HRP 

coupled were obtained from Sigma Chemical Co., Fancy Rd., Poole, Dorset, U.K. (See 

Appendix for details on antibodies used).

2.1.6 Enzymes

Cholesterol Assay Kit was obtained from Sigma.

Cholesterol oxidase was purchased from Sigma.
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Sphingomyelinase was purchased from Sigma

Restriction enzymes for DNA manipulations were purchased from MBI Fermentas. 

2.17 Other materials

The full names and addresses of the sources listed below are given at the end of the list.

Acrodisc 0.2 |j,m syringe filters

Aqua Safe 300 Plus

Bacto-peptone

Bacto-tryptone

Bacto-yeast extract

Benzonase

Cholesterol

5-cholestene

[^HJCitalopram

Citalopram

Complete™ protease inhibitor cocktail tablets

a-Cyclodextrin

y-Cyclodextrin

DMEM

ECL Western blotting detection reagents

TMEcoscint 

Ergosterol 

Filipin complex 

Foetal bovine serum 

Fugene

Gelman Sciences

Zinsser Analytic GmBH

Difco Laboratories

Difco Laboratories

Difco Laboratories

Roche

Sigma

Sigma

NEN

H.Lundbeck

Roche

Sigma

Sigma

Sigma

Amersham International

National Diagnostics

Sigma

Sigma

Sigma

Roche
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Geniticin G418 Roche

L-Glutamine Sigma

■j
[ H]5-Hydroxytryptamine NEN

5-Hydroxytryptamine Sigma

[^H]Imipramine NEN

Imipramine Sigma

Petri dishes Sterilin

Lovastatin Merck, Sharpe & Dohme,

Midi/Maxi DNA prep kits Qiagen

Methyl-P-Cyclodextrin Sigma

MTT Sigma

OPTIMEM Sigma

Pansorbin Calbiochem

PMSF Sigma

Poly-L-lysine Sigma

Protease inhibitor tablets Roche

Pravastatin Squibb-Meyers Bristol

5-Pregnen-3(3-ol Sigma

Qiagen Midi & Maxi plasmid prep kits Qiagen

Tissue culture flasks and plates Grenier

Trypsin Gibco

Whatman glass fibre filter paper (GF/C) Whatman

X-gal Sigma

X-Omat™ LS film Kodak

Yeast nitrogen base without amino acids Difco Laboratories
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All other reagents and equipment were of molecular biology or analytical grade and were 

obtained from Sigma, BDH, Theoretikum or Riedel de Haen.

Addresses of suppliers:

Amersham International Pic., Amersham Place, Little Chalfont, Buckinghamshire, HP7 

9NA, U.K.

Biolabs, New England Biolabs (U.K.) Ltd, Knowl Piece, Wilburg Way, Hitchin, Herts 

SG40TY, U.K.

Boehringer-Mannheim/Roche, Sandhofer Str.116, 68305 Mannheim, Germany 

British Drugs House (BDH), Chemicals Ltd., c/o Lennox Chemicals, J.F. Kennedy Drive, 

Dublin 12, Ireland.

Calbiochem Novabiochem (UK) Ltd., Unit C2A, Boulevard Industrial Park, Beeston,

Nottingham NG9 2JR, U.K.

Difco Laboratories, Detroit, MI 48232-7058, U.S.A.

Gelman Sciences , 600 S. Wagner Road, Ann Arbor, MI 48106, U.S.A.

Gibco BRL, Life Technologies Ltd., 3 Fountain Drive, Inchinnan Business Park, Paisley 

PA4 9RF, U.K.

Grenier GmBH, Maybachstrasse 2, P.O. Box 1162, D-7443 Frickenhausem, Germany.

Kodak, Eastman Kodak Company, Rochester, New York 14650, U.S.A.

H. Lundbeck A/S, Ottiliavej 9, DK-2500 Valby, Denmark.

Merck, Merck KgaA, D-64271 Darmstadt, Germany.

National Diagnostics, 305 Patton Drive, Atlanta, Georgia 30336, U.S.A.

NEN Research Products, 549 Albany St., Boston, MA 02118, U.S.A.

New England Biolabs (U.K. Ltd.) Knowl Piece, Wilbury Way, Hitchin,, Hertfordshire, 

SG4 OTY, England, U.K.

Packard, Brook House, 14 Station Road, Pangboume, Berks, RG8 7DT, U.K.

Promega Corporation, 2800 Woods Hollow Road, Madison, WI 53711-539'9, U.S.A. 

Qiagen, Max-Volmer-Strasse 4, 40724 Hilden, Germany

44



Riedel-de-Haen AG, c/o R.B. Chemicals Ltd., Hoechst House, Cookstown Industrial 

Estate, Tallaght, Co.Dublin, Ireland.

Santa Cruz Biotechnology

Sigma Chemical Company Ltd., Fancy Road, Poole, Dorset, U.K.

Sterilin, Bibby Sterilin Ltd., Stone, Staffs., U.K.

Squibb-Meyers Bristol 

Whatmann Ltd., Maidstone, Kent, U.K.

Zinsser Analytic GmBH, Postfach 940297, 60460 Frankfurt, Germany.
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1.2 Pichia pastoris media recipes

!.2.1 YPD Medium (Yeast Extract Peptone Dextrose)

1% (w/v) bacto-yeast extract 

2% (w/v) peptone 

2% (w/v) dextrose

Prepared by the addition of yeast extract (lOg) and peptone (20 g) to deionised water (900 

nl), autoclaving, followed by the aseptic addition of filter-sterilised 20% (w/v) dextrose 

(100 ml).

''TD  slants or plates: YPD containing 2% (w/v) bacto-agar

12.2 MGY medium (minimal Glycerol)

1.34% (w/v) yeast nitrogen base without amino acids 

1 % (w/v) glycerol 

4x10'^ % (w/v) biotin

Prepared by the aseptic addition of filter sterilised 13.4% (w/v) yeast nitrogen base without 

anino acids (YNB) (100 ml) to 900 ml o f autoclaved water.

2 2.3 MD medium ( Minimal Dextrose medium)

1.34% (w/v) yeast nitrogen base without amino acids 

1% (w/v) dextrose 

4 X 10'  ̂% (w/v) biotin

Td autoclaved, deionised water (800 ml), 13.4% (w/v) YNB (100 ml), 0.02% (w/v) biotin 

(2 ml) and 20% dextrose (w/v) (100 ml) were added.

22.4 MM medium ( Minimal Methanol medium)

1.34% (w/v) yeast nitrogen base without amino acids

46



0.5% (v/v) methanol 

4x10 ' ^  % (w/v) biotin

To autoclaved, deionised water (800 ml), 13.4% (w/v) YNB (100 ml), 0.02% (w/v) biotin

(2 ml) and 5% (v/v) methanol (100 ml) were added.

2.3 E.coli media recipes

2.3.1 TY Medium

To IL of autoclaved deionised water, tryptone (10 g), yeast extract (5 g) and NaCl (5 g)

were added.

TY slants or plates: TY containing 1.5% (w/v) bacto-agar.

2.3.2 LB Medium

To 1 L of autoclaved deionised water, bactotryptone (10 g), bactoyeast extract (5 g) and

NaCl (10 g) were added.

LB slants or plates: LB containing 1.5 % (w/v) bacto-agar.

2.4 Propagation and storage of Pichia pastoris

• Short term storage: Pichia pastoris was streaked out onto YPD plates and incubated at 

37°C until colonies were of sufficient size. Plates were then sealed with parafilm and 

stored at 4°C for no longer than 4 weeks.

• Long term storage: A single colony of Pichia pastoris was inoculated into 3.2 ml YPD 

medium and shaken overnight at 37°C. Glycerol (80% (w/v) in YPD medium; 1 ml) 

was added and the sample mixed thoroughly. Aliquots containing 1 ml of sample were 

transferred to cryovials and stored at -80°C. Strains stored in this fashion are stable for 

up to 5 years.
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2.5 Propagation and storage of E.coli

• Short-term storage: E.coli cells were streaked out on LB agar plates containing 

suitable antibiotic if required. Plates were incubated at 37°C until colonies were of 

sufficient size. Plates were then wrapped in parafilm and stored at 4°C for no longer 

than 3 weeks. Alternatively, a single colony was inoculated into 3 ml of LB medium 

with or without appropriate antibody in a 1 ml sterile tube and shaken overnight at 

37°C. Tubes were then sealed tightly with parafilm and stored at 4°C. Cells remain 

viable in this manner for up to 1 week.

• Long-term storage: A single E.coli colony was inoculated into 3 ml of LB medium

(without or without appropriate antibody) and allowed to grow to mid-log phase. 0.8

ml sample of this culture was then mixed with 80% (v/v) sterile glycerol and

transferred to cryovials and stored at -80°C. Sample stored in this fashion are stable for 

1-2 years.

2.6 Growth and monitoring of Pichia pastoris liquid culture

Liquid cultures of Pichia pastoris were grown in MGY or MD medium in a 

snaking incubator at 30°C and growth was monitored by the aseptic removal of a 1 ml 

culture sample and measurement of the optical density at a wavelength of 600 nm using a 

Unicam 825 UV/Vis spectrophotometer.

27 Growth and induction of rSERT in Pichia pastoris

A single colony of Pichia pastoris from a MGY or YPD plate was inoculated into 

MGY minimal glycerol medium (25 ml) and grown overnight at 30 °C, 250 rpm. This

calture was introduced into 250 ml of MGY in a 2 L baffled flask and was grown for a 

further 16-20 h to an ODeoo of 1-3. The cells were transferred to a sterile 500 ml centrifuge 

tibe and centrifuged at 9,000 x g for 10 min at room temperature. The cells were then
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suspended in sterile minimal methanol medium (250 ml) and incubated at 30 °C, 260 rpm. 

Methanol was supplemented in the medium to 0.5% (v/v) every 24 h, to compensate for 

evaporation.

2.8 Preparation of Pichia pastoris membranes

Cultures prepared as described in section 2.4 were centrifuged at 9,000 x g for 10 

min at 4 °C. The resulting pellets were resuspended in buffer I (50mM Tris-HCl pH 7.4, 2 

mM EDTA, 120 mM NaCl + protease inhibitors ImM PMSF + 1/2 complete protease 

inhibitor tablet/25 ml). The resulting solution was passed through a French press at 20,000 

psi 2-3 times and the resulting lysate resuspended in buffer II (50 mM Tris-HCl, pH 7.4, 

100 mM NaCl, 5mM KCl, 1 mM EDTA, protease inhibitors consisting of 1/2 Complete^*^ 

protease inhibitor tablet /25 ml solution and 1 mM PMSF) with the aid of an Ultra-Turrax 

homogeniser. The suspension was aliquoted and stored at -70 C.

2.9 Preparation of small scale yeast cell lysates

Pichia cell pellets were quickly thawed if frozen and placed on ice and each pellet 

was suspended in ice-cold breaking buffer (100-500 |il) consisting of 50 mM sodium 

phosphate, pH 7.4, 5 % (v/v) glycerol, 1 mM EDTA, 1 mM PMSF and 1 Complete 

protease inhibitor tablet/ 50 ml solution. An equal volume of pre-chilled acid-washed glass 

beads (0.5 mm diameter) was added. Each tube was vigorously vortexed-mixed at 4°C for 

30 s, followed by 30s incubation on ice and this procedure was repeated for 10 cycles. The 

lysate was then centrifuged at 12,000 x g for 3 min at 4°C to pellet unbroken cells and the 

supernatant transferred to a fresh tube.

The protein concentration was determined as described in section 2.14.
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2.10 M aintenance and storage of the HEK 293 cell line

HEK 293 cells were grown in Minimal essential Medium (MEM) containing foetal 

calf serum (FCS, 10%, v/v), glutamine (2 mM), penicillin (100 U/ml) and streptomycin 

(100 |ag/ml) at 37 °C in a humidified atmosphere with 5% (v/v) CO2 in air in 10 cm^ flasks.

Cells were passaged every 3-4 days as follows. The growth medium was removed 

and the cell monolayer was washed with phosphate-buffered saline (pH 7.0, 4 ml) that had 

been wanned to 37°C. The PBS was removed and trypsin (0.5 mg/ml porcine trypsin in 15 

mM NaCl, 0.5 mM EDTA; 1 ml) was added and distributed over the cells. Following a 1-2 

min incubation, the side of the plate was tapped gently to dislodge the cells from the 

surface. Medium containing FCS (10%, v/v) was then added to the flasks to stop the action 

o f trypsin and the cells split to the required dilution in 10 cm plates.

2.11 Freezing and thawing out HEK 293 cells

For cryopreservation of cells, cells were harvested as described above and 

suspended at a density of 4 x lOVml in DMEM containing dimethylsulphoxide (DMSO, 

10% (v/v) and FBS (25 % (v/v)). Aliquots of cells (1 ml) were placed in cryostat tubes and 

the tubes were placed within a polystyrene holder at -20 °C for 2 h. The holder was then 

placed at -80 °C for a further 2-3 h and cells were then transferred to a liquid nitrogen 

storage vessel or stored at -80°C.

Removal of cells from liquid nitrogen storage or -80°C storage was carried out by 

rapidly thawing a vial and transferring the cell suspension to complete medium (4 ml) at 

37°C. This was centrifuged at 1,000 x g for 5 min at room temperature, the cell pellet was 

resuspended in medium (9 ml) and then placed in a lOcm^ plate and grown as described 

above.
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2.12 HEK 293 cell membrane preparation

Membranes were prepared from HEK 293 cells based on the method of Schloss and 

Betz (1995). The medium was removed from the cells (10 cm plates) and the cells were 

washed with PBS (4 ml). The cells were then scraped into ice-cold PBS (2 ml) containing 

1 mM PMSF and protease inhibitors (1/2 Complete ™ tablet). The suspension was then 

homogenised in a Potter-Elvejheim glass homogeniser using 10 strokes with a tight fitting 

teflon pestle. The homogenate was then centrifuged at 1,000 x g for 3 min at 4 °C to 

remove whole cells and nuclei. The membranes were then pelleted by centrifugation at 

20,000 X g f  for 20 min. The membranes were suspended in PBS containing 5% (v/v) 

glycerol (120 |̂ 1 per 10 cm plate), aliquoted, snap-frozen on liquid nitrogen and stored at - 

70 °C. Protein concentration was determined as described in section 2.14.

2.13 HEK 293 cell lysate preparation

Cell lysates were prepared as follows. Medium was removed from cells, which had

been grown in 24 well plates. SDS (100 (o,l, 10% w/v) and benzonase (3 fil) was added to 

each well and the plates left at room temperature for 10 min, the resulting lysate mix was 

then transferred to 1.5 ml eppendorf tubes and stored at -20°C. Protein concentration was 

determined as described in section 2.14.

2.14 Determination of protein concentrations 

2.14.1 Markwell protein assay

Membrane preparations were assayed for protein using a modification (Markwell et 

al., 1978) of the method of Lowry et al. (1951). Each sample was measured at three 

dilutions, in triplicate, using bovine serum albumin as a standard.

Solution C was freshly prepared by the addition of solution B (copper (II) sulphate 

(4% (w/v); 1 ml) to solution A (2% (w/v) sodium carbonate, 0.4% (w/v) sodium
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hydroxide, 0.16% (w/v) potassium sodium tartrate and 1% (w/v) SDS; 99 ml). Solution C 

(666 |j,l) was then added to each protein sample (200 fil; prepared in distilled deionised 

H2O) and samples were incubated at room temperature for 15 min. Folin-Ciocalteau 

reagent (50%, v/v; 66.66 ^1) was added and the samples were incubated at room 

temperature for 45 min before the absorbance at a wavelength o f 630 nm was measured.

2.14.2 Bradford protein assay

Protein concentration measurements o f cell lysates were carried out using a 

modification o f the method o f Bradford (1976).

Reagent A (0.01% (w/v) Coomassie Brilliant Blue G-250, 4.7% (v/v) ethanol and 

8.5% (v/v) phosphoric acid; 200|il) was added to each sample (20|il) in a 96-well 

microtitre plate and left at room temperature for 5 min. The absorbance at a wavelength o f 

570 nm was measured using a Power-wave spectophotometer (MWG Biotech) and the 

results compared to the standard curve prepared using known concentrations o f bovine 

serum albumin.

2.15 Measurement of [^H]ligand binding to membranes
■5 -j

Measurement o f binding o f [ HJimipramine and [ H]citalopram was performed by a 

modification o f the procedure described by Phillips et al. (1984) using glass fibre filters 

that had been pre-treated with polyethleneimine (PEI; 0.6-1% (w/v) in deionised, distilled 

water).

Membranes were incubated with various concentrations o f [^HJimipramine (43 

Ci/mmol) and [^H]citalopram (82 Ci/mmol) in ligand binding assay buffer (Tris based 

LBB: 50 mM Tris-HCl, pH 7.4, containing 120 mM NaCl, 5 mM KCl and 1 mM EDTA or 

HEPES based LBB; 10 mM HEPES, pH 7.4, 120 mM NaCl, 5 mM KCl, 1 mM CaCh, 1 

mM M gCh) in a volume o f 0.3 ml at 4 °C. Non-specific binding was determined in the
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presence o f unlabelled ligand. All samples were incubated in triplicate for 60 min. The 

incubation mixtures were diluted with 3 ml assay buffer and filtered immediately through 

Whatman glass fibre filters (GF/B, 2.5 cm), that had been pre-soaked in PEI (0.6-1 % w/v) 

in deionised, distilled water. The total time taken for filtration and washing was less than 

10 s. Filters were allowed to dry at 65°C before being placed in vials containing 

Ecoscint'^'^ or Aqua Safe scintillation fluid (4 ml). Filters in scintillation fluid were left 

shaking at room temperature for at least 2h or else overnight to ensure thorough dissolution 

o f the filters. Samples were then counted as described in section 2.16.

2.16 Liquid scintillation counting

The isotope was measured using a Packard Tricarb 1500 scintillation 

spectrophotometer. The cocktail used was the commercially available scintillant, 

Ecoscint™ or Aqua Safe for aqueous samples. The average counting efficiency for 

counting using this instrument was calculated to be 60 %, based on a quench curve relating 

counting efficiency to the spectral index o f the external standard.

2.17 [^H]5HT Uptalce Assay

[^H]5HT uptake assays were performed as described by Schloss et al. (1995) on 

transiently transfected HEK293 cells and HEK293 cells stably expressing the serotonin 

transporter. Cells were transfected with vector constructs or mock transfected without 

plasmid DNA in 24 well plates. The cells were removed from the incubator and assayed 

for [^H]5HT uptake 48 h after transfection. In the case o f  the stable cell lines, cells were 

grown to confluency. The medium was removed by suction and various concentrations o f 

[^H]5HT added to wells. The cells were incubated with [^H]5HT for a set period o f time (3 

or 6 min). Following incubation with [^H]5HT, the radioactive solution was removed by 

suction and the cell washed twice with ice-cold TB l buffer (130 mM NaCl, 2 mM KCl, 1
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mM CaCl2.2H20, 1 mM MgCh, HEPES, pH 7.5). The cells were then solubilised with 

SDS (500 )al; 10% w/v), before being added to Ecoscint scintillation fluid (4 ml) and the 

radioactivity was determined by liquid scintillation counting (see Section 2.16). Non

specific uptake was determined in the presence of unlabelled 5-hydroxytryptamine. Kinetic 

constants (Km, Vmax) were obtained by fitting the data by non-linear least squares 

regression to an equation describing a rectangular hyperbola using the computer program 

Sigma Plot (version 5).

2.18 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyitetrazolium bromide (MTT) assay

MTT assay was performed by a modification of the method of Mosmann (1983). 3- 

[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), a tetrazolium salt is 

only taken up by metabolically active cells and cleaved by mitochondrial dehydrogenases 

to form a formazan dye. This formazan dye is localised initially within the mitochondria as 

small purple crystals, which are insoluble in aqueous solution. The crystals are dissolved in 

an alkaline buffer and the resulting purple solution is measured spectrophotometrically. An 

increase or decrease in cell number results in a concomitant change in the amount of 

formazan formed, indicating the degree of growth or cytotoxicity caused by the compound 

under test.

HEK 293 cells were plated out in 96 well plates at a density of 1-2 x lO'* cells per 

well. The following day, cells were treated with methyl-P-cyclodextrin as described 

previously in section 2.22. To assay for cell damage, MTT (50 p.1; 5mg/ml stock in PBS) 

was added directly to cells and incubated in the dark for 30 min to 4 hours at 37°C. During 

this time the expected purple crystals formed. Medium was gently emptied from the cells 

by careful inversion onto tissue paper. Sorenson’s buffer (25^1; 0.1 M glycine, 0.1 M 

NaCl, pH tolO.5 with 0.1 M NaOH) and DMSO (200 îl) were added to each well and 

pipetted up and down several times so as to dissolve the crystals in the wells. The
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absorbance was read at 570 nm in a Dynatech MR5000 plate reader and cell viability 

expressed as percentage of control.

2.19 Lactate dehydrogenase (LDH) assay

The release o f the cytoplasmic lactate dehydrogenase (LDH) enzyme, used as a 

marker for cell death, was performed using a kit from Promega.

HEK2P5 cells were grown at a density of 1-2 x 10“* cells per well in a volume of 

200 ^1 per well, in 96 well plates. The following day, following treatment with methyl-P- 

cyclodextrin as described in section 2.22, cell medium (100 ^1; called the supernatant 

fraction) was removed to a new, fresh 96 well plate. The cells remaining in the plate were 

lysed using lysis buffer supplied with the kit (100 îl) and this medium also removed to a 

new plate (called the lysate).

To the samples removed to the new plate, warmed reaction buffer (50 |il; stock 

consisting of bottle of substrate buffer mixed with 12 ml assay buffer all supplied with 

Promega kit). Plates were then incubated for 30 min at room temperature in the dark. Stop 

solution (50 |al; supplied with kit) was added to each well and the absorbance at 492 nm 

measured. Results were analysed by expressing percentage of LDH in supernatant fraction, 

taking the LDH released into the supernatant plus the LDH released in the lysate as 100%:

% LDH released into supernatant =

LDH released in supernatant___________________ x 100%

(LDH released in supernatant + LDH released in lysate)

I
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2.20 Preparation of methyl-P-cyclodextrin-sterol inclusion complexes

Complexes of sterols with Methyl-P-Cyclodextrin were prepared as described by 

Klein et al. (1995). Methyl-P-Cyclodextrin (5%, w/v, in distilled deionised water) was 

heated to 80 °C on a magnetic stirrer-heating block. Sterols, dissolved in methanol: 

chloroform (2:1, v/v) were added in small aliquots to the stirred solution of cyclodextrin at 

80 °C. The mixtures were stirred at 80 °C until complete dissolution of the initially 

precipitating sterol. Sterol was added to the solution until no more could dissolve. The 

amount of sterol complexed by the cyclodextrin was approximately 30-40 mg of 

cholesterol, 15 mg 5-pregnen-3p-ol and 25 mg 5-cholestene per 1 g of Methyl-P* 

Cyclodetxrin. The complexes were aliquoted, freeze-dried and stored at -70  °C.

2.21 Treatment of membranes with cyclodextrin and cyclodextrin-steroid 

complexes

Pichia pastoris or HEK 293 membranes expressing rSERT (Im g and 500 îg 

membrane protein respectively) were gently agitated with Methyl-P-Cyclodetxrin-steroid 

complex at a volume of 1 ml in HEPES-LBB, (10 mM HEPES, pH 7.4, containing 120 

mM NaCl, 5 mM KCl, 1 mM CaCh, 1 mM MgCb) for 30 min at room temperature. The 

membranes were pelleted by centrifugation at 20,000 x g for 20 min at 4 °C. The 

supernatant was removed and the membranes were suspended in 1 ml HEPES buffer and 

recentrifuged. The membrane pellets were then resuspended in 20-50 )j1 of HEPES and the 

cholesterol content measured and ligand binding analysis carried out as described in 

section 2.15.

I
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2.22 Treatment of HEK 293 ceils with methyl-P-cyclodextrin and methyl-P- 

cyclodextrin and methyl-P-cyclodextrin-cholesterol complexes

HEK 293 cells and HEKrSERT cells were plated out in 24 well plates and grown to 

confluency as described in section 2.10. Following removal of the medium by suction, 

cells were carefully washed using a solution of serum-free DMEM. Methyl-P-cyclodextrin 

in serum-free DMEM was then carefully added to the cells and plates were incubated for 

30 min at 37°C. Following incubation, the plates were washed twice with serum-free 

DMEM and further analysis by [^H]5HT uptake followed as described in section 2.17 or 

assayed for cytotoxic effects as described in sections 2.18 and 2.19.

2.23 Measurement of cholesterol in cell membranes.

The cholesterol content of membranes was determined using a Sigma diagnostics 

kit. This kit measures cholesterol enzymatically and is a modification of the method of 

Allain et al., (1974). Cholesterol is oxidised by cholesterol oxidase to cholest-4-ene-3-one 

and hydrogen peroxide. The hydrogen peroxide produced is then coupled to the 

chromagen, 4-aminoantipyrine and p-hydroxybenzenesulphonate, in the presence of a 

peroxidase, to yield a quinoneimine dye that has an absorbance maximum at 500 nm. The 

intensity of the colour is directly proportional to the cholesterol concentration of the 

sample.

The cholesterol reagent mixture (containing cholesterol oxidase 300 U/L, 

cholesterol esterase > 100 U/L, horseradish peroxidase 1000 U/L, 4-Aminoantipyrine 0.3 

mmol/L, undefined buffer at pH 6.5) was reconstituted with distilled, deionised water (20 

ml) and 1 ml of this reagent was added to 20 |al samples of membrane protein. The samples 

were incubated at 37 °C for 10 min to pellet any insoluble material and the absorbance of 

the supernatant was measured at 500 nm. This absorbance, together with the absorbance of
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a cholesterol standard (measured simultaneously with the samples) was used to determine 

the cholesterol content, using the following equation:

Cholesterol content of sample (^g/100 |J,1) =

Asoo sample - Asooblank

________________________________  X standard concentration (|o/l)

Asoostandard - Asoo blank

2.24 Treatment of HEK membranes with membrane modulators

2.24.1 Filipin treatment of HEKrSERT membranes

Filipin stock solution was prepared in DMSO (50 mg/ml) and at various 

concentrations added to HEK 293 cell membrane preparations stably expressing the rat 

SERT. The membranes were then incubated for 10 min at room temperature, followed by 

washing with LBB, centrifugation for 20 min in a bench top centrifuge at top speed. The 

resulting pellet was resuspended in LBB and used for ligand binding analysis as described 

in section 2.15.

2.24.2 Cholesterol oxidase treatment of HEKrSERT membranes

Cholesterol oxidase treatment was carried out as described previously by Pang et 

al. (1999). HEK-rSERT membranes were pretreated for 30 min at 37°C with cholesterol 

oxidase (200 units/ml) in a buffer containing 100 mM MES, pH 6.0 and 3 M NaCl) at 

various concentrations in a buffer containing 20 mM HEPES, pH 7.0, 5 MgC12, 10 mM 

mannitol and 1 munit/ml sphingomyelinase (stock of 0.04 unit/ml in a buffer containing 

PBS, pH 7.4 and 50% (w/v) glycerol. To these, radiolabelled ligand was directly added and 

binding analysis carried out as described in section 2.15 and 2.16.
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Inactive cholesterol oxidase was prepared by incubating the enzyme solution 

(prepared as described above) for 15 min at 95°C. To this membranes were added directly 

and treated as described above with incubation at 37°C for 30 min, followed by ligand 

binding analysis (section 2.15).

2.24.3 Ethanol treatment of HEKrSERT membranes

Ethanol (final concentrations 0-5% v/v) was added directly to membrane samples 

in LBB and left at room temperature for 15 min. To these, radiolabelled ligand was directly 

added and radioligand binding analysis carried out as described in section 2.15.

2.25 Immunoprecipitation

Cell lysates were prepared as described in section 2.26. Antibody (10 |il; 2 ^g) was 

added to the lysates and incubated at 4°C while shaking overnight. Pansorbin® (50 |il) was 

added to the antibody-lysate mix and incubated for 4-6 h while shaking at 4°C. Following 

this incubation period, samples were centrifuged at top speed for 10 min in a bench top 

centrifuge at 4°C. Supernatant was removed and the pellets washed twice with ice-cold IP 

buffer and re-centrifuged as before. Protein samples were then eluted from the Pansorbin® 

by incubating samples with sample buffer (20 |al) containing Mercaptoethanol (0.7 M) at 

95 °C for 10 min. Samples were then centrifuged at top speed for 5 min in a bench top 

centrifuge at RT. Samples were then loaded onto SDS gels for electrophoresis followed by 

Western blotting as described in sections 2.27 and 2.28.

2.26 Isolation of cell lysates for immunoprecipitation 

2.26.1 Rudnick’s IP buffer

Cell lysates for IP were prepared as described by Rudnick et al. (2000). Cells were 

grown to confluency as described in section 2.10 and were washed carefully with cold PBS
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(4 ml). Cells were then scraped into 1 ml of PBS and centrifuged at top speed for 5 min in 

a bench top centrifuge at 4°C. The resulting pellet was then resuspended in IP buffer 

containing 55 mM triethylamine pH 7.5, i l l  mM NaCl, 2.2 mM EDTA, 0.44 % (w/v) 

SDS, 1 % (v/v) Triton-X-100 or 1% (v/v) digitonin, 1 mM PMSF, 0.35 % (v/v) protease 

inhibitor mix. The suspension was incubated on ice for a short time (10 min) and then 

centrifuged at top speed for 10 min in a bench top centrifuge at 4°C. The supernatant was 

removed for use in immunoprecipitation studies (section 2.25).

2.26.2 STEN IP buffer

10 cm plates containing confluent cells were washed with ice-cold PBS (4 ml), 

scraped into ice-cold PBS (1 ml) and centrifuged for 5 min at top speed at 4°C using a 

bench-top centrifuge. STEN buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 2 mM 

EDTA, 0.2 % v/v NP40, 0.5 % v/v Triton-X-100; 500 ^L) was added to the cell pellet and 

the mixture incubated on ice for 20 min. The mixture was spun for 10 min at 4°C and at 

full speed in a bench-top centrifuge to pellet nuclei and cytoskeletal material. The 

supernatant was transferred to a fresh Eppendorf and 2 mg/ml BSA added. The supernatant 

was then spun at 10,000 rpm for 10 min at 4°C and the cleared supernatant transferred to a 

fresh eppendorf tube for use in immunoprecipitation studies (section 2.25).

2.27 SDS-PAGE

Sodium dodecyl sulphate-polyacrylamide electrophoresis (SDS-PAGE) was carried 

out by the method of Laemmli (1970), using an Atto Electrophoresis unit (model AE 6450) 

with a 5% stacking and 9% or 15% resolving slab gels. Components of a 9% resolving gel 

are as follows: ProtogeF^ (ultra-pure 30% (w/v) acrylamide and 0.8% (v/v) bisacrylamide 

solution; national diagnostics; 3 ml), water (4.35 ml), 1.5 M Tris HCl, pH 8.7 (2.5 ml), 

10% (w/v) SDS (100 1̂ 1), TEMED (40 |al) and 20% (w/v) ammonium persulphate (80 |j.l).
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Components o f  a 15% resolving gel are as follows: Protogel™ (Ultra-pure 30% (w/v) 

acrylamide and 0.8% (w/v) bisacrylamide solution; National Diagnostics; 5 ml), H2O (2.3 

ml), 1.5 M Tris-HCl, pH 8.7 (2.5 ml), 10% (w/v) SDS (100 | 1̂), TEMED (40 |il) and 20% 

(w/v) ammonium persulphate (100 |̂ 1). The stacking gel (5%>) was prepared with water 

(2.75 ml), Protogel™ (1.15 ml), 1 M Tris.HCl, pH 6.8 (500 ^1), 10% (w/v) SDS (40 ^1), 

TEMED (8 |j,l) and 20% (w/v) ammonium persulphate (80 |j.l).

Prestained molecular weight marker standards (provided by Biolabs) were used. 

The prestained markers used were E.coli MBP-(3-galactosidase (175 kDa), E.coli MBP- 

paramyosin (83 kDa), bovine liver glutamic dehydrogenase (62 kDa), rabbit muscle 

aldolase (47.5 kDa), rabbit muscle triosephosphate isomerase (32.5 kDa), bovine milk (3- 

lactoglobulin A (25 kDa), chicken egg white lysozym e (16.5 kDa) and bovine lung 

aprotinin (6.5 kDa).

Samples were resuspended in Biolabs sample buffer 25 mM Tris-HCl, pH 6.8, 10% 

glycerol, 0.006%) (w/v) bromophenol blue, 2%> (w /v) SDS, 0.1 M dithiotreitol and 1%> P- 

mercaptoethanol), placed at 37°C for 30 min and loaded into separate wells and 

electrophoresed at a constant current (55 mA) for 2-3 hours, until the tracker dye reached 

the bottom o f  the resolving gel. Glycine-based running buffer (387 mM glycine, 41 mM 

Tris, 7 mM SDS) was used for electrophoresis. Gels were then prepared for Western 

blotting.

2.28 Western Blotting

Following SDS-PAGE, resolved proteins were blotted onto nitrocellulose using a 

BioRad Wet Blot Tank at 110 mA for 1-2 h. Firstly gels were washed briefly in transfer 

buffer (192 mM glycine, 25 mM Tris, 1.3 mM SDS, 20%> v/v methanol) and carefully 

arranged in the wet tank as directed by the manufacturers. After 1-2 h o f  transfer, blotted 

protein on the nitrocellulose was directly incubated in Ponceau S solution (0.25% (w/v)
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Ponceau S, in 3% (v/v) trichloroacetic acid) and washed gently with distilled H2 O. The

polypeptide bands of the molecular weight standards were marked with a pencil and the blot 

was washed in 50 mM Tris HCl, pH 8.0, containing 150 mM NaCl (TBS). Blocking was 

carried out by incubating the blot in TWB (TBS containing 0.5 % (w/v) Tween 20) containing 

5 % (w/v) Marvel milk powder at room temperature for 1 h or overnight at 4°C. The blot was 

incubated in primary antibody (in TWB containing 2.5% (w/v) Marvel milk powder) at 4°C 

overnight or at room temperature for 2 h and was then washed twice in TBS for 10 min, twice 

with TWB for 10 min and washed twice again in TBS. The blot was incubated with a horse

radish peroxidase-conjugated goat anti-rabbit secondary antibody (1:2000 dilution in TWB) 

for 1 h and washed as previously described with TBS and TWB.

Blots were developed using the ECL detection system (Amersham) for detecting 

horse-radish peroxidase-labelled antibody, by means of the HRP catalyzed oxidation of 

luminol under alkaline conditions and the results were recorded on Kodak X-Omat LS film.

2.29 Incubation of Pichia pastoris with the sterol biosynthetic inhibitors pravastatin

and lovastatin

Cultures of Pichia pastoris were allowed to grow to an OD500 o f 0.1 in a volume of 

25 ml of MGY medium at 30 °C, 250 rpm. Appropriate concentrations of pravastatin 

(prepared in MGY medium) or lovastatin (prepared in ethanol) were subsequently added to 

the culture and growth allowed to continue under previous conditions for a period of 20 h. 

Monitoring of growth was carried out by the aseptic removal of 1 ml culture samples at 

appropriate time points and the OD500 read.
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2.30 Alkaline hydrolysis of lovastatin

A UV spectrophotometer was zeroed with sodium phosphate buffer (50 mM, pH 

7.5). Lovastatin was prepared in acetonitrile (10 ml) at a concentration of 11.42 )aM and 

diluted 1 in 10 with sodium phosphate buffer (50 mM, pH 7.4). This solution was then 

placed in a water bath at 30 °C and 1 ml samples removed at intervals. These samples were 

placed immediately onto ice to quench the hydrolysis reaction. The absorbance of the 

samples at 240 nm was recorded and this procedure repeated until no decrease in 

absorbance was seen. A UV scan between 240-280 nm was carried out on the initial and 

final samples and the disappearance of any original absorbance peaks noted.

2.31 DNA enzymatic manipulations

General DNA manipulations and molecular biology techniques were performed 

essentially as described by Sambrook et al. (1989).

2.31.1 Restriction Analysis

Restriction analysis of plasmids was carried out in a total volume of 20 |xl. 

Appropriate buffer (lOx, supplied by manufacturer; 2 ^1) was added to the DNA 

(approximately 0.5-1 ^g; 17.5 nl), enzyme (0.5 U; 0.5 ^1) was then added and the mixture 

incubated at 37 °C for 2 h. The restriction reaction was stopped by the addition of 0.3 vol 

loading buffer (30% glycerol (w/v), 0.05% bromophenol blue, 1 x TBE in sterile, distilled, 

deionised water).

2.31.2 DNA ligation

The ligation of DNA into plasmids was carried out by the addition of the DNA 

(300 ng) to plasmid (100 ng) in a total volume of 10-20 ^1. T4 ligase buffer (lOx, 1-2 |il), 

followed by T4 ligase (40 U) were added to the reaction and the mixture was incubated at 

16°C overnight.
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2.32 Agarose electrophoresis

Agarose electrophoresis was carried out using an ATTO electrophoresis apparatus 

(model AE-6100). Agarose (1-1.5% w/v) gels were prepared in, and run with, TBE buffer 

(90 mM Tris Base, 90 mM boric acid, 2.5 mM EDTA). DNA samples were mixed with 0.3 

vol. of loading buffer (30%> glycerol (w/v), 0.05% bromophenol blue, 1 x TBE in sterile, 

distilled, deionised water), loaded on the gel and electrophoresed at a constant voltage (100 

V) over 1.5-2 h.

2.33 Purification of DNA fragments from agarose gels

The agarose gel DNA extraction kit from Roche/Boehringer Mannheim was used to 

purify the individual DNA fragments that had been separated by agarose gel 

electrophoresis. The desired band was excised from the gel and placed into a 1.5 ml 

eppendorf tube containing 300 ^1 solubilisation buffer per 100 mg of agarose gel. Silica 

suspension (10 |al) was added to the sample and the mixture incubated for 10 min at 55-60 

°C. The tube was vortexed every 2-3 min.

The sample was then centrifuged in a bench-top centrifuge for 30 s and the 

supernatant discarded. The matrix was resuspended in 500 |al nucleic acid binding buffer 

using a vortex mixer and the sample centrifuged as before and the supernatant discarded. 

The pellet was then washed with the ethanol containing washing buffer (500 |il) and the 

pellet left to dry at room temperature for 15 min. To elute the DNA from the matrix, TE 

buffer (20-50 ^1, 10 mM Tris-HCl, pH 8.5, 0,1 mM EDTA) was added, the mixture 

vortexed and incubated for 10 min at 55-60°C. The sample was vortexed every 2-3 min 

during this time period and the sample centrifuged at room temperature for 30 s. The 

supernatant containing the DNA was transferred to a clean eppendorf tube and a sample 

analysed by agarose gel electrophoresis.
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2.34 Polymerase Chain Reaction (PCR)

The cDNA for the human serotonin transporter was amplified by polymerase chain 

reaction (PCR) for subsequent cloning experiments. Oligonucleotide primers SSI and SS2 

(Figure 2.1) were synthesised by MWG. The following components were added to a 0.5 ml 

microfuge tube and were maintained on ice:

• 1 Ox Taq buffer 5^1

• lOm M dNTP 1 |al

• 25 mM MgCb 4.6 |il

• 50 |aM of primer SSI 0.5 |j.l

• 50 |iM of primer SS2 0.5 fil

• 20 ng template (cDNA) 2 |ul

The dNTP solution contained 10 mM each of dATP, dCTP, dOTP and dTTP. Taq 

polymerase (2.5 U) was added and each tube transferred to a programmable thermal 

controller (Minicycler, MJ Research Inc.) to undergo the following programme:

• Denaturation 94°C 5 min

• Annealing 50 °C 1 min

• Elongation 72 °C 1 min

• Cycling To step 2 x 39 times

• Elongation 72 °C 5 min

Following the amplification reaction, the reaction mixture was submitted to agarose (1 % 

w/v) electrophoresis (section 2.32).

2.35 Colony PCR

To screen colonies for the presence of the construct of interest, colony PCR was 

carried out as follows. To the above PCR mixture (section 2.34), a single bacterial colony
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was added directly to the PCR mixture and PCR cycling performed as described above in 

section 2.34. Following the amplification reaction, the mixture was analysed by agarose 

electrophoresis (section 2.32).

2.36 Preparation of competent E.coli and transformation of plasmid DNA into

competent E.coli

A single colony of E.coli was inoculated into TY medium (5 ml) and grown 

overnight at 37 °C at 250 rpm in an orbital shaker. A portion of this culture (0.5 ml) was 

introduced into LB medium/2xYT (30 ml) in a 250 ml flask and incubated at 37°C, at 250 

rpm and the growth was monitored by measuring the absorbance at a wavelength of 600 

nm at regular intervals. When the ODeoo had reached 0.3-0.5, the flask was removed from 

the incubator and placed on ice for 20 min. The cells were harvested by centrifugation in 

pre-chilled centrifuge tubes at 6,000 x g for 5 min at 4°C. The supernatant was carefully 

decanted and the pellet resuspended in ice-cold 100 mM MgCb (5 ml). The suspension 

was incubated on ice for at least 20 min and then centrifuged at 6,000 x g for 10 min at 

4°C. The pellet was resuspended in ice-cold 100 mM CaCh (5 ml). The cells were then 

incubated on ice for 20-60 min prior to transformation.

Competent E.coli (200|al) prepared as described above, were added to a pre-chilled 

microfuge tube. Ligation reaction (5|al) or an appropriate dilution of plasmid DNA was 

added and gently mixed using a pre-chilled pipette tip. The cells were incubated for 10 min 

on ice. Each tube was heat-shocked by placing in a water bath at 42 °C for 90 s and then on 

ice for 5 min. LB or 2xYT medium (1 ml) at room temperature, was added and the 

contents o f the tube were gently mixed by inversion. To allow the transformed cells to 

recover and begin to express the antibiotic resistance gene, the cells were incubated at 

37°C with gentle agitation (150-200 rpm) over 1 h. Cells were then spread at a desired
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density, depending on the expected frequency o f transformation, onto LB or 2xYT agar 

plates containing the appropriate antibiotic and were incubated overnight at 37°C.

2.37 Preparation of competent E.coli cells for freezing

A single colony o f E.coli was inoculated into LB medium/2xYT (4 ml) and grown 

overnight at 37 °C at 250 rpm in an orbital shaker. A portion o f this culture (2 ml) was 

introduced into 250 ml sterile SOB (9.9 mM NaCl, 5 g HEPES, pH 7.0, 2.5 mM KCl, 10 

mM MgCl2, 10 mM MgS0 4 ) and the culture grown for 5 h at 25°C, 160 rpm. The culture 

was then placed on ice for 10 min, followed by centrifugation for 10 min at 4,000 x g. The 

resulting pellet was resuspended in sterile filtered TB (50 ml; 100 mM HEPES, 550 mM 

CaCh, 2.5 mM KCl; pH 6.7). This mixture was then placed on ice for 10 min and 

centrifuged for 10 min at 3,000 x g in a 15 ml falcon tube. The suspension was 

resuspended in TB (9 ml) and DMSO (7 % v/v) and placed on ice for 10 min. Aliquots 

(600 |il) were snap-frozen in liquid nitrogen and stored at -80°C .

2.38 Analytical preparation of plasmid DNA from E.coli

A single colony o f transformed E.coli was inoculated into LB/2xTY medium and 

the culture grown overnight at 37°C. Two 1 ml cultures were placed into eppendorf tubes 

and the cells pelleted by centrifuged for 2 min in a bench top centrifuge. The supernatant 

was discarded and the pellet vortexed for 15 s. STET buffer (0.5 ml) freshly prepared by 

1:1 mixing solution I (50 mM Tris-HCl, pH 8.0, 20% w/v Sucrose) and solution II (10% 

w/v triton X-100, 50 mM EDTA); The solution was vortexed briefly and a lysozyme 

solution (50 mg/ml lysozyme in 20 mM sodium acetate, pH 4.6, 50% glycerol). The 

sample was boiled for 90 s at 100°C and centrifuged for 15 min in a bench top centrifuge. 

The supernatant was removed to a new tube and ice-cold isopropanol added (0.7 ml). The 

suspension was incubated at -20°C  for at least 20 min and centrifuged for 30 min at 4°C in
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a bench top centrifuge. The resulting pellet was washed by centrifugation for 3 min in 70 

% (v/v) ethanol (100 ml), followed by a second washing step with 100 % (v/v) ethanol. 

The resulting pellet was air-dried and resuspended in TE buffer (20 ml; 10 mM Tris-HCl, 

pH 8.0, 1 mM EDTA). Samples were then analysed by agarose gel electrophoresis (section 

232).

2.39 Determination of DNA concentration using ethidium bromide agarose plates

Agarose (1 g) and TE buffer (100 ml, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA) were 

heated to boiling and ethidium bromide (50 |xl; 10 mg in 1 ml water) added. Approximately 

25 ml of this mixture was added to petri dishes when liquid temperature had reached 45°C. 

Plates were allowed to set for 20 min after which time plates were marked on the underside 

for position o f different concentrations of DNA. Lambda phage DNA was aliquoted onto 

plates (1 ml) of varying concentrations. In addition samples whose concentration was 

unknown was also aliquoted onto plates. Plates were then incubated for 10 min at 37°C, 

after which time the plates were viewed under UV light. The concentration of the unknown 

samples was determined by comparing with the known.

2.40 Preparation of plasmid DNA 

2.40.1 Maxi-Prep of plasmid DNA

Preparation of DNA by Midi or Maxi preps was carried out using a kit from 

Qiagen. A single colony was inoculated into LB medium (100 ml) and incubated overnight 

at 37°C. The cells were then harvested by centrifugation for 5 min at 7,000 x g and the 

pellet was resuspended in PI buffer (10 ml). P2 buffer (10 ml) was then added to this and 

the solutions mixed gently by inversion 4-6 times. This suspension was then incubated at 

room temperature for 10 min followed by addition of chilled P3 buffer (10 ml). This
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mixture was placed on ice for 10 min, followed by centrifugation for 30 min at 13,500 x g, 

4°C.

The supernatant was applied to a pre-equilibrated filter tip supplied with the kit, 

and the solution allowed to filter down through the column. The flow-through was 

discarded and the column washed twice with washing buffer QC (30 ml). The DNA was 

eluted from the column using the supplied elution buffer QF (15 ml) and the DNA 

precipitated with isopropanol (10.5 ml). This solution was centrifuged for 30 min at 13,500 

xg , 4°C.

The DNA pellet was washed with 70 % (v/v) ethanol (5 ml) and the pellet air dried 

for 5 min at room temperature and then dissolved in TE buffer (100 |il, pH 8.0).

141.2 Midi-Prep of plasmid DNA

Midi-prep o f DNA was performed using a scaled down version o f the maxi prep 

(fescribed above. Again a kit from Qiagen was used. A single colony was inoculated into 

LB medium (25 ml) and incubated overnight at 37°C. The cells were then harvested by 

cjntrifugation for 5 min 7,000 x g and the pellet was resuspended in PI buffer (4 ml). P2 

buffer (4 ml) was then added to this and the solutions mixed gently by inversion 4-6 times. 

This suspension was then incubated at room temperature for 10 min followed by addition 

of chilled P3 buffer (4 ml). This mixture was placed on ice for 10 min, followed by 

cjntrifugation for 30 min at 13,500 x g, 4°C.

The supernatant was applied to a pre-equilibrated filter tip supplied with the kit, 

aid the solution allowed to filter down through the column. The flow-through was 

dscarded and the column washed twice with washing buffer QC (10 ml). The DNA was 

euted from the column using the supplied elution buffer QF (5 ml) and the DNA 

p'ecipitated with isopropanol (3.5ml). This solution was centrifuged for 30 min at 13,500 x 

g4°C .

69



The DNA pellet was washed with 70 % (v/v) ethanol (2 ml) and the pellet air dried 

for 5 min at room temperature and then dissolved in TE buffer (50 |j.1, pH 8.0).

2.40.2 Mini-Prep of plasmid DNA

DNA mini-preps were carried out using a spin-prep kit from Qiagen. A single 

colony was inoculated into LB medium (20 ml) and grown overnight. The cells were 

harvested by centrifugation for 5 min at 5,000 rpm. The pellet was then resuspended in PI 

buffer (250 |j.1) and subsequently P2 (250 îl) added and the tube inverted 4-6 times. Buffer 

N3 (350 ^1) was then added and the mixture carefully resuspended. The tube was 

centrifuged at top-speed for 10 min in a bench-top centrifuge. The supernatant was then 

applied to a spin-column provided by the kit and centrifuged for 30-60 s. The column was 

then washed with PB buffer (500 |o.l) and centrifuged at top-speed for 30-60 s in a bench- 

top centrifuge. The column was then washed with PE buffer (750 |il), centrifuged for 30-60 

s at top-speed and this step repeated. The flow-through was discarded in between washing 

steps. The DNA bound to the column was eluted with the addition of EB buffer (50 |al) to 

the column.

2.41 Transfection of HEK 293 cells 

2.41.1 Transient Transfection of plasmid DNA into HEK 293 cells

2.41.1.1 Transient transfection using calcium phosphate method

HEK 293 cells were grown to 70-80% confluency in a 10 cm plate as described 

previously. Transfection solutions were prepared as follows. DNA (20 |ag) was pipetted 

into and eppendorf tube to which 450 ^1 of sterile millipore water is added. CaCb (2.5 M; 

50 |il) was added and the tube mixed gently by tapping the tube. Sterile-filtered HEBS 

buffer (50 mM HEPES, pH 7.08, 280 mM NaCl, 1.5 mM Na2HP0 4 ; 500 |il) was added to 

a 15 ml Falcon tube and with one hand using a pasteur pipette, air was bubbled into the 

solution and at the same time the DNA/CaCh was added drop-wise into the HEBS
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solution. This mixture was then left at RT for 6 min, followed by gently mixing. The 

solution was then carefully added drop-wise to the 10 cm^ plate and cells were then 

incubated at 37°C for 24-48 h.

2.41.1.2 Transient transfection using the commercially available transfection 

reagent Fugene™

HEK 293 cells were grown to 70-80% confluency and fresh medium applied (9 ml 

of usual culture medium). Optimem medium (595 [il) and plasmid DNA (10 jag) were 

carefully pipetted into a sterile eppendorf. In a second eppendorf Fugene™ (30 |o,l) was 

pipetted and to this the Optimem; DNA mix carefully added in a drop-wise fashion. This 

mixture was then incubated at room temperature for 15 min and pipetted in a drop-wise 

manner to the cells. The plate was swirled very gently and replaced at 37°C for 48 h before 

harvesting. DNA and Fugene™ were always used at a ratio of 1 |^g DNA: 3 |̂ 1 Fugene™.

2.41.2 Stable transfection o f plasmid DNA into HEK 293 cells

For the production of stable cell lines, the commercial reagent Fugene™ was used

as the transfection vehicle. HEK 293 cells were grown to 50-70% confluency in 10 cm 

plates as described in section 2.12. A ratio of 1 |^g DNA:3|j.1 Fugene™ was used for 

transfection. DNA (10 ^g in sterile, deionised water) was pipetted into a sterile eppendorf 

Fugene™ (30 jal diluted to 500 |_il with Optimem in a sterile eppendorf) was added in a 

drop-wise fashion to the DNA solution slowly. The DNA/ Fugene™ mixture was 

incubated at room temperature for 15 min, after which time, the solution was carefiilly 

pipetted drop-wise onto the cells. The plate was swirled carefully and cells were allowed to 

continue to grow for 48-72 h.

After this period of time, the cells were split (section 2.12) at appropriate dilutions 

in selection medium containing the antibiotic G418. Growth was monitored for the
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appearance o f single cell colonies, which were isolated using clonal cylinders and replated 

into fresh growth medium (containing G418; 2 mg/ml). Once the clonal cells reached 

confluency and had been passaged a number of times, the concentration of selection 

antibiotic G418 was reduced to 200 |u.g/ml. The clonal cells were then tested by means of 

[^H]5HT uptake (section 2.17) for expression of the serotonin transporter protein

2.42 Determination of transfection efficiency using X-Gal staining of transfected 

HEK 293 Cells

HEK 293 cells were transiently transfected with a CMV based P-galactosidase- 

expressing plasmid pcDNA.lacZ (section 2.41) and stained with X-gal to identify 

transfected cells as follows. Culture medium was removed and the cells washed carefully 

with RT PBS. Cells were then fixed by incubation with 0.05% (w/v) glutaraldehyde in PBS 

at RT for 20 min. Fixative was removed by washing the cells twice with PBS (8 ml), 

followed by additional incubation of the cells with PBS (10 ml) for 10 min before being 

washed a third time, thus ensuring complete removal of fixative. X-ga/ staining solution 

(35 mM K3pe(CN)6, 35 mM K4pe3(CN)6.3H20, 2 mM MgCb in PBS containing 1 mg/ml 

X-gal) was then added to cells (approximately 3 ml to adequately cover the cells). The 

cells were then covered with aluminium foil and incubated at 37°C overnight and then 

stored at 4°C.

2.43 Association kinetics
•> -j

LBB containing [ Hjcitalopram or [ HJimipramine was prepared at a concentration 

in or around twice the Kd. A set of eight time points were decided for use in the 

experiment and a series of 24 tubes for triplicate determinations set up. To all tubes 

membranes (10-50 [ig) were added along with LBB (total volume 100 |̂ 1). Radiolabelled 

ligand (100 ^1) was then added and the timer started as soon as the radioligand is added.
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Incubation was carried out at room temperature. After the required incubatory time, ice- 

cold LBB (3 ml) was added to the tubes and the solution filtered through GF/C glass fibre 

filter discs, followed by two times washing with ice-cold LBB. A time interval was 

allowed between the individual tubes to allow for individual filtering of the samples. The 

total time allowed for association of citalopram with HEKSERT membranes was 0-30 min 

and that for imipramine 0-10 min. The filters were then removed and counted as described 

in section 2.16. To determine non-specific binding, unlabelled citalopram or imipramine 

(50 i^M) was added to a set of triplicate tubes containing membranes and LBB. 

[^HJcitalopram or [^HJimipramine was then added and the tubes incubated at room 

temperature for 20 min in the case of citalopram and 5 min in the case of imipramine.

2.44 Dissociation Kinetics 

2.44.1 Dissociation by dilution

LBB containing [^HJimipramine or [^HJcitalopram at a concentration twice that of 

the Kd was prepared. A series of 8 tubes in triplicate were prepared and to each HEKSERT 

membranes (10-50 fig) in LBB (total volume of 100 ^1) added. [^H]citalopram or 

[^H] imipramine (100 |il) were added to all tubes and the samples left at room temperature 

for one hour to reach steady-state. Room temperature LBB (10 ml) was then added to the 

samples and the stopwatch started. After the required incubatory time was up, samples 

were filtered through GF/C glass fibre filter paper and the tubes washed twice with ice- 

cold LBB. Filters were then removed and counted as in section 2.16. As in the case of the 

association experiments, time was allowed between triplicates for filtration of samples. To 

determine non-specific binding, a set of triplicate tubes were used which included 

unlabelled citalopram or imipramine (50 ^M). Time for dissociation recorded for 

[^HJcitalopram was 0-90 min and for [^H]imipramine was 0-5 min.
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2.44.2 Dissociation by chase with unlabelled ligand

Dissociation kinetics by competition with unlabelled ligand was carried out in a 

similar fashion to dissociation by dilution. LBB containing [^HJimipramine or 

[^HJcitalopram at a concentration twice that of the Kd was prepared. A series of 8 tubes in 

triplicate were prepared and to each HEKSERT membranes (10-50 ^g) in LBB (total 

volume o f 100 |il) added. [^HJcitalopram or [^HJimipramine (100 |al) were added to all 

tubes and the samples left at room temperature for one hour to reach steady-state. LBB 

containing unlabelled citalopram (100 ^M) or imipramine (100 |j M) was added to the 

tubes and the stopwatch started. After the required incubatory time was up, samples were 

filtered through GF/C glass fibre filter paper and the tubes washed twice with ice-cold 

LBB. Filters were then removed and counted as in section 2.16. As in the case of the 

association experiments, time was allowed between triplicates for filtration of samples. To 

determine non-specific binding, a set o f triplicate tubes were used which included 

unlabelled citalopram or imipramine (50 )o,M). Time for dissociation recorded for 

[^HJcitalopram was 0-90 min and for [^H]imipramine was 0-5 min.

2.45 Analysis of uptake data

Uptake values were obtained as counts per minute and converted to pmol of 

radioligand taken up per well per min. The mean values and standard-error-of-the-mean 

values were calculated for total and non-specific uptake using quadruplicate samples and 

the following formula was employed to obtain standard errors for specific uptake values:

S.E.M.= (E,)^ + (Eif

Specific uptake was calculated from the difference between total and non-specific uptake. 

The Michaelis constant (K^) and the maximal velocity (Vmax), describing the saturable 

uptake of [^H]-substrate into a single class o f uptake sites, were determined by fitting the
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mean values for specific uptake and free substrate concentration using the Sigma Plot 

computer program.

The data were fitted directly as initial rate o f uptake versus [substrate] to the equation 

describing a rectangular hyperbola.

uptake velocity = Vmax • [substrate]/ [substrate] + K„, 

by non-weighted non-linear regression analysis.

2.46 Analysis of binding data 

2.46.1 Analysis o f saturable binding data

Binding values were obtained as counts per minute and converted to pmol o f 

radioligand bound per milligram o f membrane protein. The mean values and standard- 

error-of-the-mean values were calculated for total and non-specific binding using triplicate 

samples and the following formula was employed to obtain standard errors for specific 

binding values:

S.E .M .=  (E,)^ + (Ez)^

Specific radioligand bound was calculated from the difference between total and non

specific binding.

The Michaelis constant (K d) and the maximal binding sites (Bmax), describing the 

saturable binding o f [ H]-ligand into a single class o f binding sites, were determined by 

fitting the mean values for specific binding on the ordinate and the free concentration of 

radioligand used on the abcissa using the Sigma Plot computer program and Graph Pad.

The data were fitted directly to the equation relating the concentration o f  the radioligand- 

receptor complex and the free radioligand concentration (together termed B), which 

describes a rectangular hyperbola:

B = Bmax* [free radioligand] /  (Kd + [free radioligand])
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by non-weighted non-linear analysis.

2.46.2 Analysis of association binding kinetics

Association kinetics are used to determine the association rate constant or “on- 

rate”. At any given time, the rate at which the receptor-ligand complexes form is 

proportional to the radioligand concentration and the number of receptors still unoccupied:

Rate o f association = [receptor],[ligand]. kon=(Ymax-Y). [ligand].kon 

Rate o f dissociation = [receptor.ligandj.koff = Y.kofr 

Net rate of association= rate of association -  rate of dissociation 

Y= Y„ax.(l -

The above equation describes the pseudo-first order association kinetics of the interaction 

between a ligand and its receptor where:

Y = binding 

Ymax = plateau binding 

k= rate 

X = time

and

Kon =  [Kobs-Koff]/[radioligand].

Where:

Kon = association rat constant

Kobs = observed kinetic rate of association determined from curve fitting 

Koff = dissociation rate constant
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I f  the association curve is to be fitted to a two-site association profile then:

Y  = Y„,axi.(l -  +  Y„ax2. (l-e -^ '’*)

2.46.3 Analysis of dissociation binding kinetics

A dissociation binding experiment measures the “off-rate” for radioligand dissociating 

from the receptor and is proportional to the concentration o f receptor-radioligand 

complexes. Each complex dissociated at a random time, so the amount o f specific binding 

followed an exponential dissociation:

Y  = span.e'*^'  ̂+ plateau

Where:

X=time

Y=total binding

span = difference between plateau and time zero 

plateau = binding that does not dissociate 

k= dissociation constant or kotr

The above equation describes a fit for a one-site dissociation profile. For a two-site fit, the 

equation becomes:

Y  = spani.e'^,’̂  + spani.e'^j^ + plateau
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Chapter 3

Substitution of membrane ergosteroi by cholesterol does not improve the folding of 

the rat serotonin transporter heterologously expressed in Pichia pastoris

3.1 Introduction

3.1.1 The need for high levels of protein expression by heterologous expression 

systems

Determination o f  the atomic resolution structures o f  proteins has enabled a 

fundamental understanding o f how biological interactions occur at the atomic level. 

Although one-third o f a cell’s proteins are membrane proteins (Schatz and Dobberstein, 

1996) during the years that have elapsed since Henderson and Unwin (1975) reported the 

frs t high resolution 3D structure o f bacteriorhodopsin, the structures o f only a few 

membrane proteins have been determined to high resolution. All the membrane proteins 

for which structural information has been determined can be found in high abundances are 

relatively robust and can be purified in large quantities from their native biological 

membranes. Most integral membrane proteins are present in only small quantities and are 

intrinsically more difficult to manipulate than soluble proteins due to their detergent 

requirement, their instability during purification and in many cases the lack o f an easy 

assay such as enzymatic activity. Although the difficulties in the analysis o f structure- 

function relationships for integral membrane proteins have been somewhat overcome 

through the application o f recombinant DNA and molecular genetic techniques, the 

irformation given by 2- and 3-D crystallisation is o f great value. However, this strategy 

requires a large amount o f  ultra-pure protein (1-10 mg), thus, the need for an expression 

system capable o f producing high levels o f protein expression. The requirement for high 

quantities o f protein by heterologous expression is o f benefit not only to determination o f
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2- and 3-D structure but is also of benefit for other physio-biochemical and immunological 

studies.

There is a wide choice of both prokaryotic and eukaryotic expression systems 

commercially available. Expression systems may be protein-specific and many different 

considerations must be balanced when choosing a host expression system (Grisshammer 

and Tate, 1995). The ultimate choice of expression system is particularly dependent on the 

protein in question, the yield of protein required, the appropriate post-translational 

modifications and glycosylations needed to ensure bioactivity and also on the amount of 

purification needed (Ratner, 1989).

3.1.2 Yeast as an expression host for mammalian proteins

The unicellular organism yeast has a long history of use in the production of bread 

and alcoholic beverages. The growth characteristics, metabolism and genetics of yeast have 

been extensively investigated and because the basic mechanisms governing replication, 

recombination, cell division and metabolism are conserved between yeast and other 

eukaryotic organisms they have been extensively exploited for the expression of 

recombinant proteins for both commercial and research purposes (Romanos et a l, 1992). 

In addition to the advantages of yeasts being unicellular microorganisms, they also possess 

a eukaryotic subcellular organisation, which enables the recombinant proteins to be 

directed into the secretory pathway and thus targeted to specific membranes (Sudbery, 

1996). The fact that proteins can be directed through a multicomponent secretory apparatus 

offers the potential for complete processing to the native functional state. This 

multicomponent complex includes post-translational machinery for the formation of 

disulphide bonds, site-specific cleavage of proteins during maturation and N- and O- linked 

glycosylation (reviewed by Bretthauer and Castellino, 1999).
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The advantages of yeast as hosts for the expression of recombinant proteins have 

long been appreciated. They combine the ease, simplicity and cheapness of bacterial 

expression systems with the authenticity of the far more expensive and less convenient 

animal tissue culture systems (Connerton, 1994). Like bacteria they are simple to cultivate 

on inexpensive media and there is a formidable array of techniques for the manipulation of 

foreign genes (Pichuantes et a i, 1996). The big advantage of yeast over other eukaryotic 

expression systems is that mutants can easily be generated, providing an extremely 

powerful tool for improving membrane protein expression by selection or screening 

methods. However, one of the major disadvantages o f using yeast compared to the use of 

prokaryotic expression systems such as E.coli has generally been the lower yield of 

recombinant protein expression, frequently due to the difficulty in obtaining high-levels of 

transcription (Romanos et al., 1992). Although S.cerevisiae is probably the best known as 

the classical choice for a yeast based-expression system, an alternative set of yeast species 

exist, which have been mainly developed for commercial over-expression of heterologous 

proteins. These include the methylotrophs, Pichia pastoris (reviewed by Cereghino and 

Cregg, 2000) and Hansenula polymorpha (Gellissen, 2000), the alkane-utilising yeast 

Yarrowia lipolytica (Dominguez et al., 1998) and the lactose-producing yeast 

Kleuveromyces lactis (Gellissen and Hollenberg, 1997).

3.1.3 Pichia pastoris: An expression system for rSERT

Pichia pastoris is methylotrophic yeast, capable of metabolising methanol as its 

sole source of carbon and during the past 15 years, it has developed into a highly successful 

system for the production of a variety of heterologous proteins. Like Baker’s yeast, it 

combines the ease of genetic manipulation with the characteristics for a fermentation 

process; however it offers considerable improvements of specific disadvantages 

encountered in S.cerevisiae-h?LSQd production systems, namely mitotic instability of
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recombinant strains, a great extent of undesirable overglycosylation and difficulties in 

adapting production schemes to an industrial scale. At the same time they offer the ability 

to produce foreign proteins at high levels, either intracellularly or extracellularly, the 

capability o f performing many eukaryotic post-translation modifications and glycosylations 

(reviewed by Bretthauser and Castellino, 1999) and the availability of the expression 

system as a kit (Cereghino et al, 2000).

The conceptual basis for the Pichia expression system stems from the observation 

that some of the enzymes required for methanol utilisation are present at substantial levels 

only when cells are grown on methanol (Cereghino et al., 2000). During the metabolism of 

methanol by the enzyme alcohol oxidase (AOX), large amounts o f formaldehyde and 

hydrogen peroxide are produced. In order to avoid toxicity due to the presence of hydrogen 

peroxide, methanol metabolism takes place in a special organelle called the peroxisome 

where catalase degrades hydrogen peroxide to oxygen and water. Formaldehyde is further 

metabolised to form formate and carbon dioxide, which act as a source of energy, and 

additionally to form cellular constituents, which function in other cyclic pathways. Since 

alcohol oxidase has a low affinity for oxygen, Pichia pastoris thus compensates by 

generating large amounts of this enzyme. The promoter regulating the alcohol oxidase gene 

(AOXl) is the one used to drive heterologous protein expression in Pichia pastoris (Cregg 

et al., 1989; Cereghino and Cregg, 2000). In methanol grown cells, approximately 5% of 

poly(A)+ RNA is from AOXI and the presence of methanol is essential to induce high 

levels of transcription (Cregg and Madden, 1988).

To date over 200 proteins have been successfully overexpressed in Pichia pastoris 

to high levels (Cereghino and Cregg, 2000). The majority of these are soluble proteins 

native to bacterial, fungal, plant, viral and mammalian sources. Gram quantities of many 

proteins have been expressed. However, there are only a few examples of the successful 

expression of membrane proteins. The mouse SHTja receptor and human [3-adrenergic
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receptor were successfully expressed to milligram levels of receptor per litre o f yeast 

culture (Weiss et al. (1998), as has the human opioid receptor (Talmount et al., 1996).

Previous attempts at overexpression of both human and rat serotonin transporter in 

mammalian cell systems such as HEK 293 cells have proved successful (Blakely et al., 

1992; Schloss and Betz, 1995). Another successful system for expression has been the use 

of insect cells using a baculo-virus based infection method (Tate and Blakely, 1994). 

However to date, there have been no successful reports of overexpression of the serotonin 

transporter in a microbial system, whereby native binding characteristics have been 

retained. Baker (1997) although successful in obtaining milligram quantities of rat 

serotonin transporter overexpressed in Pichia and E.coli, found that binding affinities of 

the protein for its specific ligands were substantially lower than those reported for the 

native protein. In the case of Pichia pastoris, it was found that [^H]imipramine binding to 

SERT-P/c/z/a membranes was non-saturable even at concentrations of [^HJimipramine over 

50 nM. However, the binding was pharmacologically specific and it was concluded that the 

protein was expressed in a low-affmity or partially misfolded form. The reasons for the 

presence of this misfolded recombinant protein can only be speculated. It may be due to the 

absence of specific mammalian cellular component(s) such as processing enzymes, 

accessory proteins or specific mammalian chaperones. It may also be that these microbial 

systems represent a lipid environment that is not conducive to mammalian protein folding.

As has been extensively discussed in Chapter 4, the last twenty years have seen a 

large repertoire of data reporting the important role for lipids in maintaining the structural 

and functional veracity of membrane proteins. The immediate proximity between 

membrane lipid species and membrane proteins would suggest a functional interaction 

between the two components. Sterols are a major complement of membrane lipids and 

cholesterol, a sterol member, has been reported as critical for the modulation of membrane 

protein function in mammalian systems (Yeagle, 1990). It has been suggested that
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cholesterol may modulate protein activity by directly interacting with the protein to 

influence its function and structural conformation or act in an accessory capacity to aid in 

the relay of numerous cellular events involved in signal transduction, protein processing 

and membrane trafficking. The many examples o f membrane protein modulation by 

cholesterol give affirmation to this suggestion (Burger et al., 2000). Indeed with regard to 

the serotonin transporter, the work by Baker (1997) and that presented in Chapter 4 

demonstrate that cholesterol reversibly modulates SERT activity when overexpressed in 

Sf9 insect cells and HEK 293 cells respectively.

Cholesterol is the dominant sterol in mammalian cells, but yeasts do not 

constitutively contain cholesterol. Sacchromyces cerevisiae has been shown to consist of 1- 

3% sterols with ergosterol accounting for approximately 50% of total sterol content 

(Bottema, 1985). Ergosterol is also the major free sterol involved in yeast plasma 

membrane structure and has been reported to be involved in cellular events such as cell 

cycle control. Because cholesterol plays such an important role in maintaining protein 

conformation within the environment of the lipid bilayer in addition to aiding mammalian 

protein targeting and trafficking (see Chapter 4 for discussion of cholesterol functions with 

regards membrane proteins), the absence of cholesterol in yeast may contribute to the 

heterologous expression of a non- or semi-functional form of the serotonin transporter. It 

could be envisaged that the absence of cholesterol hinders proper folding of the SERT 

molecules not only within the lipid bilayer, but en-route from the ER to the plasma 

membrane. It may be that absence of cholesterol induces improper processing of the 

protein, ensuing misfolded or partial aggregation of SERT within the plasma membrane.

3.1.4 Aim of the Chapter

The reasons that underlie poor functional heterologous expression of the rat 

serotonin transporter in Pichia pastoris are unclear. It seems that while the protein can be
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expressed in milligram quantities, it resides in the plasma membrane in a low affinity 

and/or inactive forms. Although heterologous expression in mammalian cell lines o f the 

serotonin transporter is a highly efficient system for producing functional membrane 

protein, levels are generally too low for purification attempts or are not compliant to 

scaling up. Therefore it would be advantageous to have a system such as Pichia pastoris 

expressing large amounts o f functional, properly folded transport to further structure- 

function and physio-chemical studies.

W ith the mounting evidence for the role that cholesterol has for supporting the 

functionality o f membrane proteins, replacement o f  membrane ergosterol by cholesterol in 

the Pichia pastoris  plasma membranes would seem a sensible approach in an attempt to 

investigate whether, or not, cholesterol can convert the low affinity form o f P/c/z/a-SERT 

to one o f higher affinity and thus improve the quality o f heterologous expressed SERT. 

Therefore, the main aims o f this Chapter were as follows.

Suitable approaches for the incorporation o f cholesterol into Pichia pastoris plasma 

membranes were designed and the effect o f subsequent cholesterol inclusion on the folding 

properties o f the serotonin transporter were investigated. [^H]imipramine, a tricyclic 

antidepressant is a high-affinity ligand o f SERT and the assessment o f SERT correctness o f 

folding was gauged using radioligand-binding analysis with this ligand. Binding affinities 

obtained on inclusion o f cholesterol into the membranes were compared to control 

untreated P/c/z/a-SERT membranes and to other heterologous systems expressing SERT.

The initial plan for these studies was to engineer cholesterol-dependent mutant 

Pichia pastoris strains, which were defective in their production o f  ergosterol and required 

exogenous sterol for growth. However before these strains could be made, it was decided 

to first test the hypothesis and utilise some metabolic inhibitors, which interrupt yeast 

sterol production. These compounds can be simply added to the growth medium, along 

with the addition o f  exogenous sterols. Having researched the literature, it was reported
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that metabolic inhibitors called statins would serve as the most suitable compounds, as they 

allow disruption o f ergosterol production without the need for additional mutations (Lorenz 

et a l ,  1990; Baranova et al., 1996). The reasons why these statin compounds were chosen 

are discussed further in Section 3.3. The first means of incorporating cholesterol into 

Pichia pastoris was an in vivo approach, which utilised the natural ergosterol biosynthetic 

pathway. Potent metabolic inhibitors targeting specific steps of the sterol pathway were 

added to the growth medium to completely halt ergosterol production. Concurrently, 

cholesterol was supplemented to the growth medium, so as to prevent interruption of the 

yeast cell cycle and to substitute for ergosterol, allowing cellular functions to continue.

In addition to using an in vivo method to incorporate cholesterol into P.pastoris 

membranes, an in vitro mechanism was also used. The cyclic sterol binding agent, methyl- 

-cyclodextrin was used to complex cholesterol and shuttle it into Pichia pastoris 

membranes expressing rSERT. Methyl-P-cyclodextrin was first described for use as a 

manipulator o f membrane sterol content by Klein et al. (1995) in their pioneering protein 

studies showing that alteration of membrane cholesterol content using methyl-P- 

cyclodextrin could affect the binding affinity for oxytocin of a G-protein-coupled oxytocin 

receptor from uterine myometrium (see Chapter 4 for details). This compound had also 

been exploited in the studies described by Baker (1997) to demonstrate a reversible 

dependence on rSERT for cholesterol. Again, as was the case for the in vivo incorporation 

approach, a cholesterol assay kit detected cholesterol presence in the plasma membrane. 

These two mechanistic approaches to incorporate cholesterol into P.pastoris membranes 

were compared for their efficiency at cholesterol inclusion.
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3.2 Results

3.2.1 Characterisation of the activity of the rat serotonin transporter in Pichia 

pastoris

The overexpression of the rat serotonin transporter in the methylotrophic yeast 

Pichia pastoris had previously been developed by Baker (1997). This expression system 

forms the basis for the study presented here. Before investigation into the effects of 

cholesterol on SERT expression in Pichia pastoris could be carried out, the system was 

first characterised for [^H]imipramine binding as a measure for the expression of SERT. 

Membranes (70 |ig protein) from Pichia pastoris expressing rat SERT were incubated with 

a range of [^HJimipramine concentrations and saturable binding analysis conducted (Figure 

3.1). The binding showed no saturation at concentrations of up to 55 nM [^HJimipramine 

but was found to be significantly higher than the [^HJimipramine binding determined for 

the control Pichia pastoris strain GSl 15. It was therefore concluded to be of low affinity 

form.

The expression of rSERT by Pichia pastoris was also confirmed by Western 

blotting with anti-C-terminus anti-peptide antiserum. Figure 3.2 shows an example of this 

blot with monomeric and aggregated forms of the transporter present as 50-60 kDa and 

120-130 kDa bands respectively.

The above data is in keeping with results previously reported by Baker (1997).

3.2.2 Incorporation of cholesterol into cells using a metabolic inhibitor approach 

3.2.2.1 Inhibition of Pichia pastoris growth rate by inclusion of pravastatin in culture

medium

Pichia pastoris cells were grown in MGY medium at 30°C, 250 rpm, to an optical 

density at 600 nm of 0.1 absorbance units, corresponding to approximately 5 xlO^ cells/ml. 

At this point, different concentrations of pravastatin (prepared by dissolution in MGY
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Figure 3.1

[^Hjimipramine binding to Pichia pastoris membranes expressing the rat serotonin

transporter

Cell membranes were prepared from Pichia pastoris cells as described in Methods 

section 2.8. The binding o f [^H]imipramine (specific activity 43 Ci/mmol) to the Pichia 

membranes (70 |ag), in 10 mM HEPES, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 

mM CaCl2 and 1 mM MgCla, in a volume o f 300 [il was measured on ice as described in 

section 2.15. Non-saturable binding was determined in the presence o f 50 fxM unlabelled 

imipramine. Saturable binding was calculated as the difference between total and 

nonspecific binding. Each point is the mean o f triplicate determinations and error bars 

represent the S.E.M. The data shown is representative o f an experiment which had been 

performed 3 times.
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Figure 3.2

Western blot of Pichia pastoris membranes expressing the rat serotonin 

transporter with anti-SERT C-terminal antibody

Membranes were prepared from Pichia pastoris cells expressing the rat serotonin 

transporter and control Pichia pastoris cells as described in section 2.8. The 

membranes (40 GSl 15 control and 40 and 60 )ag Pichia-S>EKY membranes) were 

subjected to SDS-PAGE (using a 9% resolving gel) and Western blotted for SERT 

using an anti-SERT antibody targeted against the C-terminal portion o f the protein 

(see sections 2.27 and 2.28 for detailed description o f these procedures).

Lane 1: G S115 control membranes

Lane 2: Pichia-SERT  40 |ug membranes

Lane 3: Pichia-SERT  60 fig membranes

m m
•1 f



medium) ranging in concentration from 50 ^g/ml to 1 mg/ml were added to the medium 

and growth allowed to continue for up to 20 hours under previous growth conditions as 

described in section 2.29. Cell growth was monitored by reading the ODeoo o f 1 ml 

samples that were aseptically removed at appropriate time points.

Total inhibition o f Pichia pastoris growth was found to occur on incubation with 

0.5-1 mg/ml pravastatin. No inhibition o f growth was found on incubation with less than 50 

l^g/ml nor was growth prevented at any concentration for 5-6 h after addition o f pravastatin 

to the culture medium. At 250 }Jg/ml pravastatin after 20 h, there was approximately 68% 

inhibition o f  growth, with greater than 90% inhibition present at 500 |ag/ml. Thus, a 

concentration o f 1 mg/ml was used in subsequent experiments. Figure 3.3 shows the 

growth curve for Pichia in the presence o f pravastatin at concentrations ranging from 50 

|ag/ml to 1 mg/ml. Figure 3.4 is the representative growth curve for Pichia when incubated 

with 1 mg/ml pravastatin, which was determined to be the concentration causing optimal 

inhibition o f  ergosterol production and thereby inhibition o f growth.

3.2.2.2 Cholesterol relieves the inhibition of Pichia pastoris growth induced by

pravastatin

Pichia pastoris cells were grown to a density o f  approximately 5 x 1 0 ^  cells/ml at 

30°C, 250 rpm. At this point 1 mg/ml pravastatin (prepared in MGY medium) was added 

to the medium along with various concentrations o f cholesterol (prepared in 1:1 mixture o f 

ethanol and NP40 Tergitol). Cells were allowed to grow over a period o f 20 hours, 

whereby population changes were measured by aseptic removal o f 1 ml samples and 

monitoring the ODeoo-

A concentration o f 50 cholesterol/ml was found to relieve the inhibition o f 

growth caused by pravastatin used at a concentration o f  1 mg/ml almost two-fold and this 

is represented in the growth plot shown in Fig.3.5.

87



60
0

10 -

Q
O

0 5 10 15 20

time (h)

•  control
•  50 ng/ml pravastatin
▼ 100 ^g/ml pravastatin
V 250 ng/ml pravastatin
■ 500 |J.g/ml pravastatin
■ 1 mg/ml pravastatin

Figure 3.3

Pravastatin reduces the growth rate of Pichia pastoris cells when 

included in the culture medium

Pichia pastoris cells at a density of 5 x 10̂  cells/ml were grown in the 

presence of various concentrations of pravastatin for a period of 20 h as 

described in Methods Section 2.29. The growth rate of the culture was 

monitored at various time points by the aseptic removal of 1 ml aliquots and 

the ODeoo measured. Samples are the mean ± S.E.M. of duplicates and the 

data is representative of an experiment which had been carried out 3 times 

with similar results obtained in each case.
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Figure 3.4

Incubation of Pichia pastoris with pravastatin at a concentration of 1 mg/ml

completely inhibits growth

Pichia pastoris cells (1 x 10  ̂ cells/ml) were grown in the presence o f  pravastatin (1 

mg/ml) over a period o f 20 h at 30°C, 250 rpm as described in section 2.29. Growth rate 

was monitored by the aseptic removal o f 1 ml samples at intervals and the ODgoo read. 

The data shown above is representative o f  an experiment that had been performed 3 

times with similar results obtained in each case.
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Figure 3.5

Cholesterol relieves the growth inhibition induced by pravastatin in Pichiapastoris

Pichia pastoris cells (1 x 10̂  cell/ml) were grown in the presence of pravastatin (1 

mg/ml) for a period of 20 h as described in section 2.29. In parallel, a second culture 

was set up containing pravastatin (1 mg/ml) and cholesterol (50 ng/ml) and allowed to 

grown at 30°C, 250 rpm for 20 h. A third culture containing Pichia pastoris in MGY 

was left at 30°C, 250 rpm for 20 h as a control. At various intervals, 1 ml samples were 

aseptically removed and the ODaoo read. The plot shown represents the growth rates of 

all three cultures over the indicated time period. The data shown is representative of an 

experiment that had been carried out 3 tunes with similar results obtained in each case.



3.2.2.3 Cholesterol is present in Pichia pastoris membranes after cultivation in the

presence of pravastatin and cholesterol

Pichia pastoris cells were grown in the presence o f pravastatin (1 mg/ml) and 

cholesterol (50 |ag/ml) as described in Section 2.29. Thereafter membranes were prepared 

from  the Pichia pastoris  cells and cholesterol present in the membranes quantified 

enzym atically using a cholesterol assay kit purchased from Sigma. This assay kit is based 

on a modified assay by Allain et al. (1974) and is described in Section 2.23. The 

membranes (200-1000 |^g) were incubated with the cholesterol reagent at 37°C for 15 min. 

Following brief centrifugation, the supernatant was used for OD500 measurements and 

cholesterol content was calculated by comparison with cholesterol standard. It was found 

that pravastatin/cholesterol treatment incorporates 52.8 ± 1.2 \xg cholesterol per milligram 

o f  membrane protein when compared to control untreated Pichia pastoris membranes. 

Figure 3.6 shows that there is a linear relationship between cholesterol and membrane 

protein content following this method o f cholesterol incorporation.

3.2.2.4 Lovastatin when used at a concentration range of 5-50p.g/ml does not inhibit

the production of ergosterol in Pichia pastoris

It had been reported by Baranova et al. (1996) that lovastatin at a concentration o f 5 

|j,g/ml effectively inhibits the production o f ergosterol and thus cell growth in Rhodotorula 

rubra and it was decided to test the same compound for disruption o f Pichia pastoris 

growth. This second metabolic inhibitor o f sterol production, lovastatin, was tested for 

inhibitory effects on Pichia pastoris growth. Pichia pastoris cells were grown in MGY 

medium to a density o f  approximately 5 x 10^ cells/ml at 30°C, 250 rpm. Lovastatin 

(prepared in 1% ethanol) was added aseptically to the medium at a concentration range o f 

5-50 i^g/ml and growth was monitored by the aseptic removal o f 1 ml samples, from which 

readings at ODeoo were taken. No significant inhibition o f growth in the presence o f
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Figure 3. 6

Quantification of cholesterol incorporated into Pichia-SERT membranes after 

inclusion of pravastatin/cholesterol in culture medium

Pichia-SERT  cells were grown in the presence o f  pravastatin/cholesterol (1 mg/ml 

pravastatin and 50 |ig/ml cholesterol) and membranes prepared thereafter as described in 

sections 2.29 and 2.8, respectively. Membranes were then assayed for cholesterol content 

using a cholesterol assay kit purchased from Sigma as described in section 2.23. Briefly, 

membranes were resuspended in a small volume o f  HEPES buffer, pH 7.4, containing 

120 mM NaCl, 2 mM KCl, 1 mM CaCb and 1 mM M gCl2 (20-50 |al), and 1 ml of 

cholesterol reagent given to each sample. Samples were incubated at 37°C for 15 min, 

followed by brief centrigugation to remove insoluble particles. The supernatant was then 

used to read the absorbance at 500 nm. Values obtained were compared to a known 

cholesterol standard provided with the kit. The data shown represents the mean ± S.E.M. 

for duplicate determinations and is typical o f an experiment, which had been repeated 

three times with similar results obtained in each case.



lovastatin at these concentrations was observed within this concentration range over the 

period o f  sampling time. Figure 3.7 represents the growth plots for Pichia in the presence 

o f  various concentrations o f lovastatin.

3.2.2.S Monitoring the stability of lovastatin by means of an alkaline hydrolysis assay

Addition o f lovastatin to Pichia pastoris culture medium failed to show inhibition 

o f  growth even when used at a concentration o f 50 fig/ml. One suggestion for the lack o f 

inhibition in Pichia may be that uptake o f the compound into Pichia cells is slower than in 

R.rubra. Lovastatin is a prodrug available in its inactive ester form. It requires hydrolysis 

to form its active hydroxyacid. It could be that under the conditions o f growth for Pichia, 

lovastatin is not being hydrolysed before reaching its target destination within the cell or 

that it is rapidly hydrolysed within the culture medium and converted further to another 

form, which is inactive for inhibition o f HMG-CoA reductase. In order to determine the 

rate o f hydrolysis o f lovastatin under Pichia culture conditions, a hydrolysis experiment 

was performed. Firstly, a UV absorbance spectrum was recorded out for a solution o f 

lovastatin prepared at a concentration o f 1.14 |j,M in acetonitrile and sodium phosphate 

buffer so as to determine absorbance peaks. The resulting scan is shown in Figure 3.8 (A) 

and absorbance peaks occurring at 229.9, 238.3 and 246.6 nm were noted.

To determine the rate o f hydrolysis, the solution o f lovastatin in acetonitrile and 

sodium phosphate buffer and incubated at 30°C in a water-bath. 1 ml samples 

(concentration 1.14 fiM) were removed at intervals and placed on ice for 1 min (quench 

reaction). The absorbance at 240 nm for each sample was recorded. This procedure was 

repeated, until sample readings at 240 nm no longer showed a decrease in absorbance. A 

UV scan between 220-280 nm was repeated on the final sample. An absorbance peak at 

246.60 nm was observed to have disappeared when compared to the initial UV scan taken 

for lovastatin. This scan is shown in Figure 3.8 (B).
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Lovastatin fails to inhibit the growth rate of Pichia pastoris cells 

when included in the culture medium

Pichia pastoris cells at a density of 5 x 10̂  cells/ml were grown in the 

presence of various concentrations of lovastatin for a period of 20 h as 

described in Methods Section 2.29. The growth rate of the culture was 

monitored by the aseptic removal of 1 ml aliquots and the subsequent 

reading of the samples’ ODeoo- Sampling was performed in duplicate 

and the data shown above is representative of an experiment, which 

had been performed 3 times with similar results obtained in each case.



Figure 3.8

UV absorbance spectrum of lovastatin in solution

A UV/Vis spectrophotometer was set up to read an absorbance scan from A,=220-280 

nm inclusive o f a solution o f Lovastatin before and after hydrolysis as described in Section 

2.30. The machine was blanked with a solution o f sodium phosphate buffer (50 mM, pH 7.5). 

Absorbance maxima were noted at 229.90, 238.25 and 246.60 nm before hydrolysis occurred 

and the scan recorded is shown in Figure 3.8 (A).

Once hydrolysis was complete, a second UV scan between 220-280 nm was carried out 

in order to determine that the absorbance maxima had disappeared. Figure 3.8 (B) shows the 

UV scan profile, demonstrating that the original maxima observed in figure 3.8 (A) have 

disappeared.

The UV scans here are representative o f an experiment that had been repeated twice 

with similar results obtained in each case.
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The hydrolysis assay was carried out over a period of 30 min and hydrolysis of 

lovastatin appeared to have a t'A of about 14 min. Figure 3.9 shows a hydrolysis rate plot 

for lovastatin. A hydrolysis rate constant was calculated using this equation:

k = [-logio (Ac - At/ Ac -Ao)] / 1 X 2.306

where

Ac = constant absorbance reading 

Ao = absorbance of reaction mixture at time t=0 

At = absorbance of reaction mixture at time t=t 

k = hydrolysis rate constant 

Using the above equation, it was found that the rate of hydrolysis was 0.16 ± 0.01 min'’.

3.2.2.6 The effect of cholesterol incorporation into Pichia pastoris membranes on 

I^Hjimipramine binding using the in vivo approach

Control Pichia pastoris membranes expressing the serotonin transporter were 

prepared and observed to bind [^HJimipramine at approximately 18 pmol/mg membrane
■j

protein when used at a highest concentration of 55 nM [ H] imipramine (see Figure 3.1). In 

order to assess the effect of cholesterol on SERT folding in the yeast expression system, 

saturable binding analysis of [^H]imipramine to membranes prepared from Pichia pastoris 

cells grown in the presence of pravastatin and cholesterol was carried out.

The binding o f [^H] imipramine (at concentration of 10 nM) to the membrane was 

then measured on ice. Figures 3.10 (A) shows the saturable binding analysis obtained for 

pravastatin/cholesterol P/c/zza-SERT membranes. [^HJimipramine bound was seen to be 

non-saturable in membranes analysed.

I
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Figure 3.9

Hydrolysis of Lovastatin in solution follows first-order rate kinetics

To determine the rate of hydrolysis of lovastatin in solution, the procedure described 

in section 2.30 was followed. Briefly, a solution o f lovastatin (11.2 |iM) was prepared 

in acetonitrile (10 ml) and this was diluted 1 in 10 with sodium phosphate buffer, pH 

7.5 and incubated at 30°C in a water-bath. 1 ml samples (concentration 1.12 |aM) 

were removed at intervals of 5 min and placed on ice for 1 min (quench reaction). 

The absorbance at 240 nm for each sample was recorded. This procedure was 

repeated, until sample readings at 240 nm no longer showed a decrease in absorbance. 

The hydrolysis assay was carried out over a period of 30 min with sampling every 

min. Hydrolysis of lovastatin appeared to occur within a time frame o f 14 min. A 

hydrolysis rate constant was calculated using this equation:

Using the above equation, it was found that the rate o f hydrolysis was 0.161 ± 0.01 

min"'.

X 2.306

where

Ac = constant absorbance reading 

Ao = absorbance of reaction mixture at time t=0 

At = absorbance of reaction mixture at time t=t 

k = hydrolysis rate constant 

t = time o f sampling





Figure 3.10 (A) & (B)

Treatment of cells with pravastatin/choiesterol of membranes result in a two-fold 

increase in saturable [^H]imipramine binding to Pichia pastoris membranes expressing

SERT

Pichia pastoris cells expressing the rat serotonin transporter were grown in the presence of 

pravastatin/cholesterol (1 mg/ml pravastatin and 50 ng/ml cholesterol) as described in section 

2.29. Membranes were then prepared as described in section 2.8. The binding of 

[^HJimipramine (specific activity 43 Ci/mmol) to the Pichia membranes (70 ng), in 10 mM 

HEPES, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaC12 and 1 mM MgCh, in a 

volume o f 300 ^1 was measure on ice as described in section 2.16. Non-saturable binding was 

determined in the presence o f 50 )iM unlabelled imipramine. Saturable binding was calculated 

as the difference between total and non-specific binding. Each point is the mean o f triplicate 

determinations and error bars represent the S.E.M. The resulting graph is shown in Figure 3.10 

(A) and the data shown is representative o f an experiment, which had been performed 3 times.

Figure 3.10 (B) shows a comparison o f the saturable binding o f [^H]imipramine (10 nM) to 

control and pravastatin/choiesterol treated membranes.
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To determine whether or not the binding obtained in the cholesterol-containing 

membranes differs from that obtained with control Pichia-SERT  membranes, [^H] 

imipramine binding in control and cholesterol membranes was evaluated and compared. 

Figures 3.10 (B) shows this comparison and it was seen that the specific binding 

[^HJimipramine binding to the cholesterol containing membranes was 2-3 times higher 

than that to the control Pichia-SERT  membranes.

3.2.3 In vitro approach to cholesterol incorporation

3.2.3.1 Treatment of Pichia pastoris membranes with methyl-P-cyclodextrin- 

cholesterol results in the incorporation of cholesterol into membranes

Pichia pastoris membranes expressing the serotonin transporter were gently 

agitated with various concentrations o f methyl-P-cyclodextrin-cholesterol complex for 30 

min at room temperature. The membranes were isolated by centrifugation and washed in 

buffer to remove residual complex. The cholesterol content o f membranes was determined 

using an assay kit designed specifically for the detection o f cholesterol that was purchased 

from Sigma. Figure 3.11 shows that cholesterol was incorporated into membranes using 

the cyclodextrin-cholesterol complex. The incorporation appeared biphasic with optimal 

incorporation occurring at 10 mg complex/mg membrane protein. A cholesterol level o f

47.2 ± 0.7 |j.g /mg membrane protein could be achieved at the optimal concentration o f 10 

mg/ml complex.

3.2.3.2 Time dependence of cholesterol incorporation into Pichia pastoris membranes 

when treated with methyl-P-cyclodextrin-cholesterol

A time-course experiment was performed in order to determine the optimal time 

required for the incorporation o f cholesterol into Pichia pastoris membranes when treated 

with methyl-P-cyclodextrin-cholesterol complex. Membranes (Im g) were gently agitated
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Figure 3.11

Methyl-p -cyclodextrin-c hole sterol treatment incorporates cholesterol into Pichia-

rSERT membranes

Pichia pastoris membranes expressing the rat serotonin transporter were treated with 

methyl-(3-cyclodextrin-cholesterol as described in section 2.21. Briefly, membranes were 

gently agitated at room temperature for 10 min with increasing concentrations o f  methyl- 

p-cyclodextrin-cholesterol conplex, which had been prepared according to section 2.20. 

Membranes were harvested by centrifugation and washed twice so as to remove the 

conplex. Membranes were then resuspended in HEPES buffer, pH 7.4, containing 120 

mM NaCl, 2 mM KCl, 1 mM CaCh and 1 mM MgCb, and 1 ml o f  cholesterol reagent 

added to each sanple. Samples were incubated at 37°C for 15 min, followed by brief 

centrigugation to remove insoluble particles. The sipernatant was then used to read the 

absorbance at 500 nm. Values obtained were conpared to a known standard provided 

with the kit. The data shown represents the m ean± S.E.M. for duplicate determinations 

and is typical o f  an experiment, which had been repeated 5 times with similar results 

obtained in each case.



at room temperature with methyl-P-cyclodextrin-cholesterol complex at a concentration of 

10 mg complex/mg membrane protein for various incubation times. Membranes were 

harvested as before (Section 2.21) and cholesterol content determined for time points using 

the cholesterol assay kit from Sigma. Figure 3.12 represents the cholesterol content present 

in these membranes after treatment with methyl-P-cyclodextrin-cholesterol complex and it 

can be seen that even after 10 min incubation, cholesterol incorporation appeared to have 

reached its maximum level.

3.2.3.3 The effect of in vitro cholesterol incorporation into Pichia pastoris-SERT 

membranes on |^H]imipramine binding

As was reported in section 3.2.1, Pichia pastoris membranes expressing the 

serotonin transporter bind [^HJimipramine at approximately 18 pmol/mg membrane protein 

when used at a highest concentration of 55 nM [^H] imipramine (see figure 3.1). In order to 

investigate the potential effect of cholesterol on SERT folding in the yeast expression 

system, saturable binding analysis of [^HJimipramine to membranes prepared from Pichia 

pastoris cells treated with methyl-P-cyclodextrin-cholesterol complex was carried out.

The binding of [^H] imipramine (at concentration of 10 nM) to the membrane was 

then measured on ice. Figure 3.13 (A) shows the saturable binding analysis obtained for

•5

methyl-P-cyclodextrin-cholesterol P/c/i/a-SERT membranes. [ HJimipramine bound was 

non-saturable in the membranes tested.

To determine whether or not the binding obtained in the cholesterol-containing 

membranes differs from that obtained with control P/c/zza-SERT membranes, [^H] 

imipramine binding in control and cholesterol membranes was evaluated and compared. 

Figures 3.13 (B) show this comparison and it was seen that the specific [^HJimipramine 

binding to the cholesterol-containing membranes was 2-3 times higher than that to the 

control Pichia-S,EKY membranes.
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Figure 3.12

Time course of cholesterol incorporation by methyl-p-cyclodextrin-cholesterol 

treatment of Pichia-rSERT  membranes

Pichia pastoris membranes expressing the rat serotonin transporter were prepared 

according to section 2.8. Membranes were then treated with methyl-p-eye lodextrin

cholesterol (10 mg/ml) at room temperature by gentle agitation for various time points. 

Membranes were then harvested by centrifugation and washed as described in section 

2.21 and assayed for cholesterol content using a commercial cholesterol assay kit from 

Sigma as described in section 2.23. Briefly, membranes were resuspended in HEPES 

buffer, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaCh and 1 mM MgCh and 

1 ml o f  cholesterol reagent given to each sanple. Sanples were incubated at 37°C for 15 

min, followed by brief centrifiigation to remove insoluble particles. The supernatant was 

then used to read the absorbance at 500 nm. Values obtained were compared to a known 

standard provided with the kit. The data shown represents the mean ± S.E.M. for 

duplicate determinations and is typical o f  an experiment, which had been repeated 3 

times with similar results obtained in each case.



Figure 3.13 (A) & (B)

Treatment of Pichia pastoris membranes with methyl-P-cyclodextrin-choiesterol 

increases saturable [^H]imipramine binding to Pichia pastoris membranes expressing

SERT

Pichia pastoris membranes expressing rat SERT were treated with methyl-P-cyclodextrin- 

cholesterol complex (10 mg/ml) at room temperature for 30 min as described in section 2.21. 

After removal o f the complex by washing, binding o f [^HJimipramine (specific activity 43 

Ci/mmol) was carried out as described in Section 2.15. Non-saturable binding was determined 

in the presence of 50 fiM unlabelled imipramine. Saturable binding was calculated as the 

difference between total and non-specific binding. Each point is the mean o f triplicate 

determinations and error bars represent the S.E.M. The resulting graph is shown in Figure 3.13 

(A) and the data shown is representative o f an experiment, which had been performed 3 times.

Figure 3.13 (B) shows a comparison o f the saturable binding o f [^HJimipramine (10 nM) to 

control and methyl-[3-cyclodextrin-cholesterol treated membranes.
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3.2.4 Comparison of expression levels of Pichia-SERT  in control and cholesterol 

containing membranes

To ensure that the expression levels o f SERT protein in the cholesterol containing 

P ichia-SE K I membranes are not compromised by the change o f sterol content, Western 

blot analysis o f these membranes compared to control, untreated Pichia-SERT  membranes 

using an anti-body against the C-terminal o f SERT was performed. The blot obtained is 

shown in figure 3.14. Immuno-reactive bands are observed to occur at 50-60 kDa and 120- 

140 kDa in Pichia membranes expressing rSERT in all three cases and it does not appear 

that the expression levels o f the samples differ between each other within the limits o f 

detection by this technique. This suggests that although there is an increase in saturable 

binding o f  [^HJimipramine in the cholesterol containing membranes, it may not be due to 

an increase in protein but rather to an improvement in the conformation o f the expressed 

protein.

Finally, as a final summary o f the presented data, a comparison o f the methods o f 

cholesterol incorporation with regards cholesterol inclusion and [^HJimipramine binding 

with control Pichia-SEKY  membranes are shown in table 3.1.
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1 2 3 4

120-130 kDa

50-60 kDa

Figure 3.14

Western blot of Pichia pastoris-SE K l membranes that contain cholesterol 

incorporated by in vivo and in vitro methods

Membranes were prepared from Pichia pastoris cells expressing the rat serotonin 

transporter which had been grown in the presence o f pravstatin/cholesterol as 

described in sections 2.8 and 2.29, respectively. The membranes (40 fig pravastatin 

Pichia-xSEKY) were subjected to SDS-PAGE (using a 9% resolving gel) and Western 

blotted for SERT using an anti-SERT antibody targeted against the C-terminal portion 

o f the protein (see sections 2.27 and 2.28 for detailed description o f these procedures). 

In addition P/c/j/a-SERT membranes, which had been treated with methyl-P- 

cyclodextrin-cholesterol (40[ig), along with control untreated Pichia-'&EKl 

membranes (40 |ig) that were also loaded onto the same gel for comparison.

Lane 1: control Pichia-SEKY  membranes (40 |ig)

Lane 2: pravastatin Pichia-'SEKY (40 x̂g)

Lane 3: methyl-(3-cyclodextrin-cholesterol P ichiaSE K Y  (40 |^g)

Lane 4: control OS 115 membranes (40 |ig)



Method of Cholesterol 
Incorporation

Cholesterol |^g/mg 
membrane protein

[^H]imipramine (10 nM) 
bound 

pmol/mg

Control 0 ±  1.0 3.4 ±0.0

In vitro 
Methyl-P-Cyclodextrin- 

Cholesterol complex
47.3 ±5.6 5 .9 1 0 .8

In vivo 
Pravastatin/Cholesterol

52.8 ± 1.2 5.6 ± 1.0

Table 3.1

Comparison of cholesterol incorporation and [^H]imipramine binding levels in 

/*/c/iia-rSERT membranes after treatment with in vivo and in vitro methods of

cholesterol incorporation

A comparison of the quantitiy o f cholesterol present in membranes following treatment by 

in vitro and in vivo means and subsequent specific [^H] imipramine binding present on 

incubation with [ H]imipramine (10 nM) is shown in the above table. The amount of 

cholesterol was quantified using a kit from Sigma. This kit is an enzymatic based assay and 

is described in detail in section 2.23. These values shown here are the result of duplicate 

samples ± S.E.M. This quantification assay was carried out several times and similar 

quantities obtained in each case. The values obtained using both methods are comparable 

within error. [^HJimipramine binding to the membranes after treatment with methyl-(3- 

cyclodextrin-cholesterol complex or with incubation with pravastatin show a 2 fold 

increase in saturable binding per mg membrane protein at the concentration of radioligand 

tested.



3.3 Discussion

Overexpression and purification in heterologous expression systems provide an 

alternative method for the generation of milligram quantities o f protein, which are of 

limited natural availability (Williams et a i, 1995; Grisshammer & Tate, 1995). hi addition, 

the heterologous expression of the recombinant protein enables and facilitates the 

monitoring and characterisation of structural and catalytic properties in an alternative 

environment to the natural source. The ultimate choice o f expression system is particularly 

dependent on the nature of the protein under study, the amount o f protein required and also 

the need for appropriate post-translational modifications to ensure functional and properly 

folded protein (reviewed by Ratner, 1989 and Tate and Grisshammer, 1995).

To date, overexpression of the serotonin transporter has involved both eukaryotic 

and prokaryotic expression hosts. The serotonin transporter has been overexpressed in 

several mammalian cell lines such as HEK-293 (Blakely et a i,  1991), HeLa and CHO cells 

and in Sf9 insect cell line using a baculovirus infection system (Tate and Blakely, 1995). 

Overexpression of SERT in the microbial systems such as Pichia pastoris and E.coli 

yielded milligram quantities o f SERT protein (Baker, 1997). However, the protein obtained 

was found not to have the full activity of the native protein. By a process o f elimination of 

factors such as absence of essential chaperones, unsuitable vector and host systems (Baker, 

1997), this low-affinity form (or forms) was suggested to have occurred due to misfolding 

of the transporter which may be partly mediated by a non-optimal lipid environment, which 

is not conducive to mammalian protein folding.

Most cells require a sterol of specific chemical structure for proper function and, 

while mammalian cells have an absolute requirement for cholesterol for growth, ergosterol 

is the sterol synthesised by yeast and the essential sterol for yeast growth. In general, the 

primary role o f sterols can be viewed as modulating membrane fluidity and permeability to 

prevent dramatic changes under fluctuating environmental conditions (Rodriguez et a i,
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1985). In addition to this bulk membrane role, sterols may also act in a signalling capacity 

and lipid-protein interactions may have significant influence on protein behaviour (Yeagle, 

1990). Sterols in general are extremely metabolically expensive cellular components. 

Although the structural distinctions between ergosterol and cholesterol are few (see 

Fig.4.1), they confer critical differences in the functions o f these molecules in vivo. 

Cholesterol cannot fully substitute for ergosterol in yeast (Dahl et al., 1987) and ergosterol 

cannot completely substitute for cholesterol in mammalian cells (Yeagle, 1990). In yeast, 

two distinct roles for ergosterol have been proposed. Along with providing structural 

support to the plasma membrane, ergosterol also appears to play an essential role in the 

yeast cell cycle, a function that has been termed “sparking effect” . Sterol starved cells 

undergo G1 arrest, the release o f which can be mediated by low levels o f exogenous 

ergosterol or ergosterol-like sterols (Garber et al., 1989; Dahl et al., 1987).

There is evidence for a direct influence o f cholesterol on the activity o f a number o f 

integral membrane proteins and this has been discussed in Chapter 4. The effects o f 

cholesterol on the activity o f bovine Na^ ATPase has been examined by Yeagle et al. 

(1988), who found that small amounts o f cholesterol could activate this pump and this 

effect could not be mimicked by other sterols, including ergosterol. Cholesterol has also 

been shown to interact with the Torpedo californica nicotinic acetylcholine receptor (Fong 

and McNamee, 1986) and to modulate the activity o f bovine rhodopsin. Pang et al. (1999) 

showed a dependence on cholesterol for galanin receptor function and studies by Gimpl 

and Klein (1995) demonstrated an absolute requirement on cholesterol for maintenance o f 

the oxytocin receptor in its high affinity form. There is also support for the interaction o f 

cholesterol with the GABA transporter, which like SERT, is a member o f the Na^ and Cl' - 

dependent family o f neurotransmitters. Shoufanni and Kanner (1989) found that 

cholesterol could optimise the functional reconstitution o f the purified GABA transporter 

from rat brain.
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Studies by Baker (1997) and the studies described in Chapter 4 o f this thesis 

however lend support to the suggestion that cholesterol is important to the functional 

activity o f SERT. Studies focusing on the importance o f cholesterol for SERT specific 

ligand binding in Sf9 membranes expressing SERT, showed that on removal o f existing 

cholesterol using a cyclic oligosaccharide, methyl-P-cyclodextrin, the binding affinities o f 

SERT for [^HJimipramine and [^H]paroxetine decreased. Conversely, incorporation of 

cholesterol in membranes previously depleted to 40-50% o f the original cholesterol 

content showed that binding affinities could be restored to 40-70% in the case of 

paroxetine and imipramine. In addition, in order to confirm that these observations were 

cholesterol specific and not just an experimental artefact, other sterols were tested for their 

ability to restore binding affinities in cholesterol-depleted Sf9-SERT membranes. It was 

found that these sterols could not even slightly restore the binding capability o f the SERT 

expressing membranes. These results confirmed that depletion o f cholesterol from Sf9 

membranes causes large changes in the transporter, converting it to an unstable form or 

forms that have a high probability o f unfolding. Indeed the studies described in Chapter 4 

o f this thesis, demonstrate that cholesterol is capable o f reversibly modulating the activity 

o f the rat serotonin transporter overexpressed in the human embryonic kidney cell line 

(HEK 293). Removal o f membrane cholesterol with methyl-(3-cyclodextrin, resulted in a 

loss o f affinity o f  SERT for both [^H]5HT and [^HJcitalopram with a concomitant 

reduction in the maximal rate o f 5HT uptake and maximal binding for citalopram.

If  cholesterol is vital to the structure o f the active serotonin transporter, it is 

unlikely that a fully active protein can be expressed in Pichia pastoris. It was therefore o f 

interest to determine whether or not substitution o f cholesterol for ergosterol could alter 

the folding status o f SERT and confer a protein o f higher affinity displaying the activity o f 

the protein in native membranes. Initially, it was thought that the best method to test the 

hypothesis would be to use yeast mutants defective in the production o f ergosterol and
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requiring an exogenous supply of sterol (these are termed sterol auxotrophs). It was 

however decided to make use of two other techniques for cholesterol incorporation and 

determine first of all whether an improvement of SERT binding occurred.

The first method used was an in vivo approach utilising the ergosterol-producing 

pathway. The biosynthesis of ergosterol and the effects of the sterol on growth and 

membrane properties in yeast have been extensively studied (reviewed by Parks and 

Casey, 1995). Ergosterol is synthesised by way of a series of chemical reaction catalysed 

by a variety of enzymes, many of which act as regulatory targets. The pathway deriving 

ergosterol is shown in Figure 3.15. Along with synthesising ergosterol, this pathway also 

produces all isoprene-containing compounds, including sterols, ubiquinone, dolichol and 

isopentenylated adenosine. Since the various end products of this pathway have roles in 

membranes structure, electron transport, glycoprotein biosynthesis, translation and DNA 

replication, the regulation of this pathway must be tight and stringently coordinated. The 

sterol biosynthetic pathway is the target of a variety of powerful fungicides that can be 

classed into three categories, they being azoles, morpholines and statins.

It was therefore proposed to use some of these antifungal agents in the growth 

medium and in addition supply the Pichia cells with an exogenous source of cholesterol 

and analyse the folding of SERT using radioligand binding analysis with [^H]imipramine. 

Introduction of cholesterol into Pichia cells is however, not as simple as just growing the 

cells in medium supplemented with exogenous cholesterol. The biosynthesis of sterols is 

an aerobic process in yeast and under these conditions wild-type S.cerevisiae synthesises 2 

to 5% of its dry weight as ergosterol (Dulaney et al., 1954). Sterols are extremely 

hydrophobic and yeast under aerobic conditions do not accumulate significant amounts of 

exogenous sterol. This phenomenon has been termed “Sterol exclusion”. Sterol 

biosynthesis and oxygen in yeast are strongly associated. Molecular oxygen is required for 

the epoxidation of squalene, an essential step in the manufacture of ergosterol. In addition
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Figure 3.15

Schematic Representation for the Biosynthetic Pathway for Ergosterol

The main steps in the synthesis of ergosterol are shown on the opposite page. Only the 

enzymes that are considered o f regulatory importance are named. The reaction step 

involving the conversion of HMG-CoA to mevalonate by the enzyme HMG-CoA 

reductase is regarded as the main rate-limiting step. The coloured boxes indicate the target 

sites of inhibition by the fungicides: Azoles, morpholines and statins. Inhibiton by azoles 

and morpholines requires the additional inhibition of heme production under aerobic 

growth conditions. The table below shows some examples of the various fungicides and 

their target step.

Class of Fungicide Examples Target Enzyme

AZOLES
ketoconazole,miconazole, 
clotrimazole, itraconazole

Lanosterol
Demethylase

STATINS
pravastatin, lovastatin, 
nystatin, simvastatin

HMG-CoA
Reductase

MORPHOLINES
Fenipropimorph, 

tridemorph, fenopropidin
5"' Sterol 

Reductase and 
6®-6’ Sterol 
Isomerase



Acetyl CoA Acetyl CoA

i

STATINS w

Acetoacyl-CoA

I
P-Hydroxymethylglutaryl-CoA

 ̂̂  HMG-CoA Reductase

Mevalonate

 ̂ Mevalonic kinase
5-Phosphomevalonate

I
IPP ̂ Farnesylpyrophosphate synthase

Farnesyl pyrophosphate

 ̂ Squalene synthetase

Squalene

I Lanosterol 14a-demethylase
Lanosterol

Zymosterol

MORPHOLINES Fecosterol

I
Episterol

T
Ergosterol

Rate-limiting stq)



to the need for molecular oxygen for ergosterol synthesis, cytochrome hemoproteins are 

involved in the demethylation and desaturation steps.

Under anaerobic conditions, sterols and hemes cannot be synthesised by the 

organism and exogenously supplied sterol is utilised by the cells. Research has shown that 

the uptake of exogenous sterol is independent of the mechanism biosynthesising sterols but 

dependent on heme synthesis (Lewis et al., 1985), although it had previously been thought 

to be based mainly on a feedback mechanism monitoring internal sterol levels (Lorenz et 

al., (1990), Lewis et ah, (1988)). It is more than likely a combination of both mechanisms 

that governs sterol uptake.

As anaerobic conditions are difficult to maintain, mutants in the ergosterol 

biosynthetic pathway that are sterol auxotrophic have been isolated and extensively 

studied (Karst and Lacroute, 1973; Lewis et a l, 1988). Using a sterol-requiring strain of 

Saccharomyces cerevisiae, sterol uptake has been studied and was shown to exhibit 

Michaelis-Menten kinetics and to be dependent on the metabolic state of the cell (Taylor 

and Parks, 1981; Salerno and Parks, 1983). The apparent Km value for uptake of 

ergosterol (11 |^M) was similar to that of cholesterol (66 |aM). These studies have shown 

that it is possible to introduce cholesterol into the yeast cell membranes.

However, Pichia pastoris is not a sterol auxotroph and under normal conditions of 

aerobicity will not take up exogenous sterol. This expression system cannot be grown 

under anaerobic conditions since expression of SERT is under the control of the AOXl 

promoter, which requires oxygen for transcription. Thus, it would not be feasible in this 

species.

With regards the use of biosynthetic inhibitors, literature reports that the use of 

fungicides targeting enzymatic steps downstream of famesyl diphosphate formation 

require additional mutations that allow sterols to permeate the cells during aerobicity 

(Loubbard et al., 1995). Some of these additional mutations are known to affect heme



biosynthesis. This meant that use o f sterol inhibitors such as azoles and morpholines were 

not possible, as these target steps downstream o f famesyl phosphate and would not allow 

uptake o f exogenous sterol under aerobic growth conditions (Chambon et a l ,  1991; 

Ladeveze et al., 1993).

Statins, however, (reviewed by Dujovne, 1997), act on a rate-limiting universal 

enzyme HMG-CoA Reductase o f sterol production in both mammalian and yeast systems. 

This step occurs early in sterol synthesis, lying upstream o f famesyl phosphate production 

(Servouse and Karst, 1986). Thus, it seemed likely that exogenous uptake o f sterol would 

occur unhindered with use o f this inhibitor under aerobic conditions. Statins are widely 

used for the treatment o f hypolipidemia in humans and studies by Lorenz et al. (1990) and 

Baranova et al. (1996) report the successful use o f lovastatin in reducing ergosterol 

production in S.cerevisiae and R.rubra respectively during heme competent and aerobic 

conditions. The structures o f some members o f the statin family are shown in Figure 3.16.

Two types o f statin compounds were tested in Pichia  for their effectiveness at 

disrupting Pichia growth. Pravastatin, a hydrophilic drug was found to be optimally 

inhibitory at concentrations above 50 |ig/ml causing a reduction o f population growth by 

90% after 20 hours incubation. Concentrations o f Pravastatin below 50 |J.g/ml were shown 

not to inhibit Pichia  growth significantly. It was also noted that inhibition o f Pichia 

pastoris growth was not observed until at least 5 hours after initial addition o f the 

compound to the growth medium.

Following this demonstration o f inhibition and determination o f optimal drug 

concentration, the next step in the study involved the concomitant addition o f cholesterol 

to the growth medium in the presence o f pravastatin, to evaluate whether or not cholesterol 

could relieve inhibition caused by the sterol biosynthetic inhibitor. Concentration o f 

50|ig/ml cholesterol was found to relieve the inhibition by 2-3 fold. This suggests that 

Pichia cells can take up cholesterol. Quantification o f the amount o f cholesterol
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Figure 3.16
Some Examples of Statins: HMG-CoA Reductase inhibitors

Statins are a group of drugs commonly used in the clinical treatment of 

hypercholesterolemia. They can be classed into two categories. Lactone prodrugs such 

as lovastatin, simvastatin and mevastatin hydrolysed to their active hydroxyacid 

components before they can inhibit HMG-CoA Reductase. Hydroxyacids such as 

pravastatin and fluvastatin are already in their active forms and can as such act inhibit 

directly.

The target reaction that these drugs act on is also shown above. HMG-CoA Reductase 

catalyses the conversion of hydroxymethylglutarate to mevalonate, which is an early 

and rate limiting step in the biosynthesis of sterols such as cholesterol and ergosterol.



incorporated into P.pastoris membranes using a cholesterol assay kit showed 

concentrations of cholesterol close to 50 )ig per milligram of membrane protein. These 

values are lower than cholesterol levels found in mammalian cell lines such as HEK 293 

which contain around 110 ^g cholesterol per milligram membrane protein, but are close to 

the levels found in Sf9 insect cell lines (Baker, 1997) containing approximately 60-70 p,g 

cholesterol per milligram of membrane proteins.

A second statin compound was also tested in Pichia for its potency at inhibiting 

ergosterol production. Lovastatin, a cyclic ester, is a lipophilic compound and is 

commercially known as mevinolin. It had been previously reported by Baranova et al. 

(1996) to inhibit the growth of the yeast strain Rhodotorula rubra at a concentration of 5 

|j,g/ml. Since it was necessary to use as little as necessary of this compound, as it was 

available in limited supply, it was hoped that inhibition would occur at low concentration 

as had been reported for R. rubra. The present study however found that lovastatin did not 

inhibit growth of Pichia, even when used at concentrations up to 50 |J.g/ml, a ten-fold 

increase in the concentrations quoted for the Rhodotorula rubra strain. However, Lorenz et 

al. (1990) performed ergosterol inhibitory studies in S.cerevisiae and reported little or no 

inhibition o f free sterol content with concentrations of lovastatin under 100 ^g/ml. Due to 

lack of availability, this drug could not be tested at higher concentrations in the Pichia 

system.

It was suggested that perhaps the lack of potency of lovastatin at these 

concentrations may be because the drug is strain specific at low concentrations, as is 

suggested by the evidence given by the Russian group. It was also considered that perhaps 

the growth conditions used for Pichia are not optimal to induce uptake of the drug into the 

yeast cells. Lovastatin is a lactone prodrug, which is converted by hydrolysis to its active 

hydroxyacid. It was postulated that perhaps this hydrolysis reaction does not occur. A 

simple alkaline hydrolysis experiment was set up to measure the rate of lovastatin



hydrolysis under Pichia growth conditions. The assay was adapted from a method by 

Bowden et al. (1992), who examined the mechanism of hydrolysis of asprin, also a lactone 

prodrug. It was found that the half-life (t I/2) for lovastatin was about 15 minutes. In the 

case of pravastatin, it was observed that no inhibition of growth occurs within the first 5-6 

hours. Since lovastatin and pravastatin target the same metabolic step in the sterol 

biosynthetic pathway namely that they inhibit HMG-CoA reductase, it could be speculated 

that the drugs followed the same entry route into the cell. If this is the case that several 

hours are need for the drug to inhibit growth, then perhaps the lactone form of lovastatin is 

metabolised away rapidly. This would account for an absence o f inhibition.

It has also been suggested that lovastatin is expelled by putative Pichia membrane 

transporters which selectively secrete exogenous toxins. Much research has been carried 

out into the mechanism of antibiotic resistance in yeast. Two families of transporters, 

namely the ATP-binding cassette (ABC) and the major facilitator family (MFS) have been 

proposed to be actively involved in the transport mechanism by which exogenous and 

endogenous toxicants are expelled (Del Sorbo et al., 2000 and St Georgiev, 2000). To date 

there has been no detailed reports of these transporters in the yeast strain Pichia, so it 

remains to be seen if they exist and also what preference they may have for expulsion of 

toxins and unwanted molecules. Also, since the Pichia pastoris genome has not yet been 

sequenced and thus, no database exists, searches for related MDR (Multi-drug resistance) 

transporter sequences cannot be performed. For now, it can only be speculated as to why 

lovastatin causes no inhibition on ergosterol production in Pichia pastoris. Since the drug 

was available in limited supply and that so far no inhibition was seen using concentrations 

of up to 50 |ig/ml, it was opted to focus on studies using pravastatin. Using pravastatin, it 

was found that sterol synthesis is effectively blocked at concentrations of 250 (ig/ml - 1 

mg/ml. This inhibitory effect can be relieved in the presence of cholesterol at a 

concentration of 50 |J.g/ml.
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The second approach to incorporate cholesterol into Pichia pastoris membranes 

involved the use o f methyl-P-cyclodextrin, the oligoaccharide sterol carrier, which had 

been used by Gimpl et al. (1995) in their novel experiments on the mammalian oxytocin 

receptor. Methyl-(3-cyclodextrin consists o f ( a - 1,4) linked a-D-glucopyranose units, with a 

somewhat lipophilic central cavity and a hydrophilic outer surface and it is a cone-shaped 

m olecule (see Figure 4.3). Hydrophobic molecules are incorporated into the cavity o f 

cyclodextrin by displacement o f water. This effectively encapsulates the molecule o f 

interest within the cyclodextrin and makes it water-soluble.

It was found that approximately 30 mg cholesterol per gram of cyclodextrin could 

be complexed. On incubation o f Pichia pastoris membranes with the methyl-P- 

cyclodextrin-cholesterol complex, on average an optimal amount o f 47 ± 11 |j,g cholesterol 

per milligram o f membrane protein could be obtained using an incubation ratio o f 10 mg 

complex/ mg membrane protein. Incubation o f membranes with complex above this ratio 

resulted in a decrease in membrane cholesterol, which cannot be fully explained, but it 

may be due to a reversal o f the exchange process. This level o f cholesterol incorporation 

brings the cholesterol content o f yeast in line with the cholesterol concentration reported 

by Baker (1997) for Sf9 membranes with a content o f  60-70 ^g cholesterol per milligram 

membrane protein. Time course experiments revealed that even for times as short as 10 

min at room temperature, significant cholesterol incorporation into Pichia  membranes 

occurred after incubation with the complex.

From the two approaches, which were taken in an attempt to incorporate 

cholesterol into Pichia pastoris plasma membranes, a number o f conclusions can be 

drawn. Firstly, it is indeed possible to incorporate cholesterol into Pichia membranes using 

the in vitro approach with a cyclodextrin-cholesterol complex. Up to 50 |ag cholesterol/ mg 

membrane protein can be taken up into the yeast membranes. Secondly, using the in vivo 

method o f cholesterol incorporation, inhibitors o f sterol synthesis in yeast prove a very



convenient means o f inducing yeast cells to take up exogenous cholesterol. The cholesterol 

assay kit proved a simple means o f detecting cholesterol and the amounts o f cholesterol 

calculated seemed reliable with little variability between assays.

Radioligand studies with [^H]imipramine failed to show any degree o f 

improvement for SERT binding affinities in Pichia which had undergone treatment with 

pravastatin or with methyl-P-cyclodextrin. The degree o f saturable binding in both cases 

increased about two fold, but it was still o f low affinity. It is unclear whether the increase 

in specific binding o f [^HJimipramine to the cholesterol-containing SEK l-P ichia  

membranes is due to a slight improvement in the folding status o f SERT or whether 

cholesterol has a slight protective effect on the SERT molecules in Pichia pastoris against 

proteolysis. Indeed Western blot analysis showed no changes in the expression levels 

detected using an anti-SERT antibody, allowing speculation that the increases seen in 

saturable binding are not due to an increased number o f  SERT molecules, but due perhaps 

to a slight tuning o f SERT conformation. It is thought that whatever high affinity SERT is 

present, it is masked by a large quantity o f low affinity/unfolded transporter (Baker, 1997). 

The amount o f active SERT present after cholesterol incorporation has been estimated at 

0.05% and in order to reach the high-affmity status o f the native SERT, a 1000-2000 fold 

improvement o f Pichia-rSERT  binding is required (see Appendix for calculations).

Having shown that cholesterol when substituted for ergosterol in Pichia pastoris 

membranes has no significant effect on the folding o f SERT found by the radioligand 

studies, the value o f  Pichia pastoris as an expression system for recombinant production o f 

serotonin transporter must be considered and remains in general debateable. The fact that 

cholesterol has been demonstrated essential to the activity o f the serotonin transporter 

when overexpressed in both Sf9 cells (Baker, 1997) and HEK 293 cells (Chapter 4) and 

cannot be replaced by several other steroids tested, including ergosterol, demonstrates the 

need for an expression system which contains a lipid component containing cholesterol.
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Although, both the pravastatin and methyl-p-cyclodextrin treatment approaches both 

showing only a two-fold increase in saturable imipramine binding suggests that the 

addition o f cholesterol helps the folding slightly. However, this may be only by way o f a 

stabilising effect. It could be that there are other factors lacking in the expression that are 

crucial to the correct folding o f SERT.

In the case o f using the biosynthetic inhibitors o f ergosterol, it was not determined 

if  the internal organelles such as the Golgi and ER contained cholesterol. Perhaps the 

amount o f cholesterol taken into the cell was only just enough to satisfy the essential needs 

o f  the cells and the essential folding processes that occur en route to the membrane are 

compromised. Lorenz et al. (1990), in their studies on lovastatin inhibition o f S.cerevisiae 

ergosterol production, demonstrated that the exogenous accumulation o f sterol may 

undergo two fates. The majority exist as free hydroxyl forms targeted to the plasma 

membrane, while the secondary portion is esterified to long chain fatty acids, deposited 

within globules o f the cytoplasm.

It would be perhaps useful to investigate using pravastatin and exogenous 

cholesterol, if  cholesterol is truly utilised in the protein trafficking and processing o f the 

transporter. This would involve isolation o f differential cellular components that are 

responsible for membrane protein targeting and delivery. [^HJcholesterol could be used as 

a tracer for localising and quantifying the cholesterol within the cellular compartments.

Since HMG-Co A Reductase is encoded for by two genes called H M G land HMG2, 

and the gene HMG2 has been deemed to have leaky expression once mutated (Basson et 

al., 1986), it may be possible to produce a sterol mutant with reduced ergosterol 

production, perhaps just enough so as to induce the cells to take up exogenous sterol while 

maintaining a level o f  ergosterol production, which is critical to some o f the cellular 

processes requiring this sterol. At the same time, an exogenous source o f sterol such as 

cholesterol would be required. Studies by Dahl et al. (1987) showed that in the case o f
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sterol auxotrophs, that ergosterol when used alone can sustain near maximal growth rates, 

being optimal for bulk membrane functions and regulatory roles in the cell cycle, which 

requires a very small amount of sterol (Dahl et al., 1985). Cholesterol too when used alone 

can satisfy bulk sterol needs for membranes, but is less effective in the regulatory role 

(Garber et a l, 1989). They suggested that these two sterols together can support maximal 

growth in the mutants.

Methyl-p-cyclodextrin-cholesterol treatment o f membrane preparations of Pichia- 

SERT results only in substitution of cholesterol within the membrane, thus by-passing and 

omitting any intracellular folding and processing mechanisms which may require the 

specific benefits of cholesterol. In addition, the organisation of cholesterol once 

incorporated into the membrane is unknown. Bagnat et al. (2000) report the low specificity 

of methyl-p-cyclodextrin for ergosterol extraction from membranes. Thus, it could be that 

the packing of ergosterol and cholesterol is not truly optimal for active SERT 

conformation. O f course, it can only be speculated on the true reasons for inefficient 

folding of SERT expressed in Pichia, however it is clear that further studies are necessary 

to explore these.

The influence of cholesterol on membrane proteins, extend beyond a structural 

membrane support. Much evidence from various reports support the proposal that many 

mammalian membrane proteins may lie within what is known as “cholesterol-sphingolipid 

rafts”. Simons and Ikonen (1997) postulated the formation of cholesterol-sphingolipid rafts 

within the exoplasmic leaflet of the Golgi membrane. According to the model proposed 

rafts are closely packed domains assembled within the fluid bilayer and are formed by 

sphingolipids associating laterally with each other. The carbohydrate headgroups occupy 

larger areas than their mostly saturated hydrocarbon chains underneath the bulky head 

groups are filled with cholesterol molecules. Moreover cholesterol is also present in the 

cytoplasmic leaflet (Schroeder et al., 1991), where it could too function as a spacer to fill
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voids created by the long sphingolipid-cholesterol rafts, which can be isolated as 

detergent-insoluble, glycolipid-enriched complexes (DIGs) using Triton-X-100 at 4°C, are 

thought to act in the TGN as a sorting platform for inclusion o f protein cargo destined for 

the delivery to apical membranes. GPI-anchored proteins (Brown and Rose, 1992; Rogers 

et al., 1994; Scheiffele et al.\ 1997), and also doubly acylated tyrosine kinases o f the Src 

family (Resh, 1994; Rogers et al., 1994, Casey, 1995; Scheiffele et al., 1997) associate 

with rafts. Generally sphingolipid-cholesterol rafts may be an essential feature o f all 

organellar membranes involved in biosynthetic and endocytotic traffic beyond the ER. 

Rafts also help ensure specificity and fidelity during signal transduction. Several studies 

have demonstrated that this association is because o f cooperative interactions between 

sphingolipids, cholesterol and proteins.

Recent studies by Bagnat et al. (2000) have shown that lipid rafts are also formed 

in yeast, occurring through lateral association o f glycosphingolipids and ergosterol. DIGS 

were isolated using sucrose density gradient centrifugation, a similar technique used in the 

isolation o f  mammalian cholesterol rafts (Simons and Ikonen, 1997), and these were 

analysed for lipid composition and protein analysis. Examination o f the lipid content o f the 

DIG fraction showed a high enrichment o f ergosterol and sphingolipids. It was also shown 

that at least two lipid phases are present, as was suggested by the differential solubilities o f 

the marker proteins used for raft and non-raft proteins. In agreement with this, studies on 

phased transitions in isolated yeast plasma membranes are consistent with the existence o f 

sterol-rich and sterol-poor phases. In these membranes the rafts form the major lipid phase. 

These studies were carried out in S.cerevisiae, but it is likely that a similar distribution of 

ergosterol exists in Pichia pastoris, although there are no studies to date on this. Bagnat et 

a/.(2000) report also that lipid rafts form not only in Golgi, as in mammalian cells, but are 

already present in the E.R. It was also found that proteins destined to reside in the E.R or 

which are targeted to organelles o f lower ergosterol/sphingolipid content such as the
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vacuole are excluded from raft domains, suggesting that the raft route leads to the plasma 

membrane. However, further characterisation o f protein processing and trafficking is 

required in this system and determination o f the classes o f proteins, which opt for this 

route o f transfer.

Thus, it would appear from these studies that a similar delivery service for 

membrane proteins may exist in yeast cells as for mammalian cells. It is not yet certain if 

lipid rafts recruit the sertonin transporter. Several lines o f  evidence favour this possibility, 

including the fact that cholesterol is important to SERT activity and also that SERT can be 

co-immunoprecipitated with caveolin, a component o f  a subclass o f rafts called caveolae 

(see Chapter 4 for detailed discussion). To date, there has been no counterpart for caveolin 

detected in yeast. Perhaps somehow caveolin plays a role in the processing o f the serotonin 

transporter to the plasma membrane in mammalian cells.

Since the transporter expressed in Pichia pastoris is o f a low affinity form and 

seems to have the necessary glycosylation requirements (Baker, 1997), it could be 

attempted to use this expression system as a means o f  producing protein for reconstitution 

studies. Ramamoorthy et al. (1992) have shown that it is possible to treat solubilised 

placental membranes expressing the serotonin transporter with cholate (2.5% w/v) in the 

presence o f urea (4 M) in a form which allows reconstitution o f  the protein into 

proteoliposomes in a functionally active form. Since proteoliposomes can be made to 

contain different amounts o f lipids, they could be custom made to contain large amounts o f 

cholesterol. Shoufanni and Kanner (1989) used a protocol for the reconstitution o f the 

GABA transporter containing soybean extract, the main component o f which is 

cholesterol. A similar approach in combination with the method devised by Ramamoorthy 

et al. (1992) could be undertaken.

Therefore, in view o f the small improvement seen in protein folding on 

incorporation o f cholesterol into Pichia pastoris membranes, for now it seems that

107



mammalian cell lines HEK 293 and indeed the Sf9 insect cell lines hold far more promise 

for furthering structure-function and physio-chemical studies into the serotonin transporter 

transporter. However, it was decided to continue work with the HEK 293 cell line, as the 

Sf9 insect cell line stably expressing SERT does not allow for analysis of [^H]5HT uptake, 

a phenomenon essential for further investigations.
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Chapter 4

Studies on the Modulation of the Serotonin Transporter Expressed in the Mammalian 

Cell Line HEK 293 by Plasma Membrane Cholesterol

4.1 Introduction

4.1.1 Organisation of the mammalian cell membrane

Prokaryotic and eukaryotic cells are surrounded by lipid membranes which define the 

boundary o f the living cell. This semi-permeable membrane has many diverse and essential 

roles in a cell’s activity. These include barrier functions, control o f the intracellular 

environment, transmembrane signalling, forming a locus for metabolic reactions, energy 

transduction, cell compartmentalisation, and intracellular recognition.

The study of cell membranes, their structure and function is an area o f research dating 

back to the beginning of the last century. Despite the long and intense effort into this field, it 

was only in the early 1970s that substantial progress was made. The Singer-Nicholson fluid 

mosaic concept remains the textbook model for the organisation o f the mammalian cell 

membrane. It proposes that the lipid bilayer fiinctions as a neutral two-dimensional solvent, 

having little influence on membrane protein function. According to this fluid mosaic model, 

membrane proteins can diffuse laterally in a lake o f lipids but are unable to switch from one 

side o f the membrane to the other, thereby maintaining the asymmetry o f the bilayer (Singer 

and Nicholson, 1972).

Biophysical experiments have revealed that lipids exist in several phases in model lipid 

bilayers, including gel, liquid-ordered and liquid disordered, in order o f increasing fluidity 

(Brown and London, 1998). In the gel state lipids are semi-frozen, whereas at the other 

extreme, the liquid disordered state, the whole lipid bilayer is fluid, as proposed by the Singer-
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Nicholson model. In the liquid ordered phase, phospholipids with saturated hydrocarbon 

chains pack tightly with cholesterol, but nevertheless remain mobile in the plane of the 

membrane (Sankram et a l,  1990). Despite a detailed biophysical characterisation of model 

membranes, it has been difficult to show that lipids exist in these different phases in the 

complex environment of the cell.

In recent times, extensive research has characterised the role that lipids play with 

regard to membrane proteins. This is not surprising when one considers that the lipid bilayer 

environment is in direct contact with the integral proteins, which are embedded into or closely 

associated with the membrane (Yeagle, 1990). When membrane proteins are integrated into 

the bilayer, the transmembrane portions o f the protein consist o f predominantly hydrophobic 

amino acid chains, which are compatible with the hydrophobic interior o f the bilayer. These 

transmembrane segments may form a-helical arrangements within the bilayer and thus 

proteins and lipids coexist as closely packed neighbours in cell membranes. The lipid 

composition o f membranes is complex and tightly regulated metabolically. Membrane lipids 

comprise a very diverse and extensive family, and are known to have an asymmetric 

distribution throughout the membrane, with the lipid surrounding the membrane protein 

having different properties to lipid distributed elsewhere in the membrane (Yeagle, 1989). 

Lipid-protein interactions have been shown to have a significant influence on membrane 

proteins, both indirectly by controlling factors such as membrane fluidity, or directly by 

binding with the protein and thus changing its conformational state or somehow altering 

signalling processes.

Various phospholipids have been shown to affect the behaviour of some 

transmembrane proteins, such as the Ca^^-ATPase pump expressed constitutively in 

sarcoplasmic reticulum membranes (Hidalgo et al:, 1982; Monteith et al., 1998). In a second 

study, specific phospholipids such as cardiolipin and phosphatidic acid are necessary for
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Figure 4.1

The structure of cholesterol and some other steroids

Cholesterol is an essential lipid of many eukaryotic organisms and is the precursor of steroid 

hormones such as gestagens and mineralocorticoids and plays an important role in the 

structure of biological membranes. The chemical structure of cholesterol is shown in the figure 

opposite consists of a bulky steroid nucleus with a 3 p-hydroxyl group at one end and a 

flexible hydrocarbon tail at the other end. Cholesterol inserts into lipid bilayer with its long 

axis perpendicular to the plane of the membrane and may partly form tail-to-tail dimers. The 

polar hydroxyl group of cholesterol might interact with a carbonyl oxygen atom of a 

phospholipid head group, whereas the hydrocarbon tail of cholesterol is located in the non

polar core of the bilayer. Cholesterol has been postulated to have profound effects on physical 

parameters of biological membranes including modulating fluidity thus, inducing an ordered 

conformation, and may also have a condensing effect, decreasing the surface area per 

molecule occupied by saturated and mono-saturated phospholipids. With regards membrane 

proteins, it has been shown that cholesterol can directly regulate integral proteins by either 

binding directly to the protein, altering the conformation, or influence the protein indirectly by 

changing the biophysical properties of the lipid membrane bilayer. Cholesterol has been 

proposed to act also in a signalling capacity.

Figure 4.1 also shows the structure of three additional steroids, they being ergosterol, 

the native sterol of yeast, pregnenolone and 5-cholestene.
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optimal functionality of the acetylcholine receptor (Sunshine et ah, 1992). The diversity of 

lipid classes extends not only to difference between cell types, but also among species 

(Gennis, 1989).

Sterols comprise a major complement o f membrane lipids and are ubiquitous 

components o f cell membranes in eukaryotes. In general, prokaryotes do not synthesise 

sterols. The dominant sterol o f plants is stigmasterol and ergosterol is the primary sterol of 

yeast and fungi (Yeagle, 1991). In mammalian cells, cholesterol is the essential sterol.

4.1.2 The role that cholesterol plays at regulating membrane structure and function.

Cholesterol, generally known as a major risk factor o f arteriosclerosis, is an important 

lipid o f many eukaryotic organisms. In eukaryotes, up to 90% of cellular free unesterified 

cholesterol may reside in the plasma membrane (Liscum and Munn, 1999) where its average 

concentration is about 200-300 ng/mg protein and the molar ratio o f cholesterol to 

phospholipids may be as high as 1:1 depending on cell type (Yeagle, 1985). Mammalian cells 

obtain cholesterol primarily through its synthesis in the endoplasmic reticulum and uptake 

from lipoproteins. Cholesterol beyond the cell’s needs is either stored in cytoplasmic ester 

droplets, exported from the cell surface or, in the mitochondria and/or ER o f specialised cells, 

converted to steroid hormones, bile salts or serum proteins. However, cells continuously lose 

cholesterol to the outside circulation. Regulation o f synthesis, influx and efflux keeps cellular 

cholesterol levels precisely controlled. The balance o f these fluxes is such that plasma 

membranes (and their endocytotic derivatives) contain roughly ten times more cholesterol than 

the rest o f the membranes combined (Lange et ah, 1989; Liscum and Underwood, 1995).

The chemical structure o f cholesterol is shown in figure 4.1. Cholesterol contains a 

bulky steroid nucleus with a 3P-hydroxyl group at one end and a flexible hydrocarbon tail at
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the other. While most o f the molecule is hydrophobic, the 3p-hydroxyl is polar and gives the 

molecule an amphipathic character. Cholesterol inserts into lipid bilayers with its long axial 

tail perpendicular to the plane o f the membrane and the hydrophobic steroid ring parallel to 

and buried in the hydrocarbon chains of the phospholipids. There is also some evidence that 

cholesterol may partly form tail-to-tail dimers (Harris et a l,  1995). The polar hydroxyl group 

o f cholesterol may interact with a carbonyl oxygen atom of a phospholipid head group, 

whereas the hydrocarbon tail o f cholesterol is located in the nonpolar core o f the bilayer 

(Burger et al., 2000). In recent years, the role for cholesterol in maintaining the structural and 

functional integrity o f membrane proteins has emerged (Devaux and Seigneuret, 1985; Marsh, 

1987; Yeagle, 1991; Burger et al., 2000). Effects mediated by cholesterol include long-range 

modulation of the motional dynamics o f the bulk lipids and/or specific cholesterol-protein 

interactions (reviewed by Lee, 1975; Houslay and Stanley, 1982; Burger et al., 2000).

It is well established that cholesterol modulates the fluidity o f biological membranes. 

The presence of cholesterol in the bilayer, in particular the fused ring system o f the sterol, 

prevents the crystallisation o f fatty acyl chains by inserting between them, thereby reducing 

large motions and making membranes less fluid. The lipids thus adopt an average 

conformation in which most of the upper portion o f the carbon-carbon single bonds are in the 

trans (more ordered) configuration . The ultimate effect o f this leads to an increase in the 

bilayer thickness and to a decrease in membrane permeability. As mainly deduced from 

monolayer studies, cholesterol has a condensing effect, reducing the “free-volume” in the 

membrane or surface area per molecule occupied by saturated and monosaturated 

phospholipids.

However, recent evidence has shown that cholesterol not only modulates the biophysical 

properties o f the membrane bilayer but may also act in a capacity to influence the functionality 

o f membrane proteins. In principle, cholesterol can regulate protein function by two distinct
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mechanisms. It can either bind directly to the protein thereby altering, for example the 

conformation o f the protein to influence its activity and conformation, and in some manner to 

almost act as a platform serving to support the numerous cellular events in membrane 

trafficking and signal transduction. In a second mechanism, cholesterol can modulate the 

protein indirectly by changing the biophysical properties o f the membrane lipid bilayer. 

Receptors such as the cholecystokinin receptor (Gimpl et al., 1997) and the G A B A a receptor 

(Sooksawate and Simmonds, 2000) are influenced circuitously by cholesterol due to changes 

in the fluidity of the membrane.

There are several sources o f evidence available endorsing the role of cholesterol in 

supporting functionality o f membrane proteins. Albert et al., (1996) have reported a 

modulatory role for cholesterol in the activity of the G-protein coupled receptor rhodopsin, 

while many studies have implicated a role for cholesterol in influencing the structure and 

function o f the Torpedo californica nicotinic acetylcholine receptor ion gating activity 

(Barrantes et al., 1996). Recent studies by Klein and Fahrenholz (1994) have demonstrated 

that cholesterol is a prerequisite for the high affinity binding activity o f the myometrial 

oxytocin receptor (OTR) after reconstitution. In fiirther experiments (Klein et al., 1996) it was 

shown that cholesterol could be selectively depleted from nafive myometrial membranes using 

a compound called methyl-P-cyclodextrin, which specifically complexes with cholesterol (see 

Figure 4.2). A concomitant loss o f high affinity oxytocin binding resulted and the readdition of 

cholesterol back to these previously depleted membranes restored OTR’s binding affinity for 

oxytocin back to original levels. There also appeared to be a stringent requirement for 

cholesterol on restoring the binding affinities o f the OTR when expressed in HEK 293 cells.

Pang et al. (1999) using the method o f Gimpl et al. (1997) also demonstrated that the 

binding activity o f the galanin receptor can be reversibly modulated by cholesterol and this 

modulation is strictly independent of membrane fluidity. Failure by other steroids to restore

113



Figure 4.2 

Structure of cyclodextrins

Cyclodextrins are cyclic (a-l-4)-linked oligosaccharides consisting o f 6, 7, or 8 glucopyranose 

units referred to as a , (3or y-cyclodextrins respectively. These molecules adopt a relatively 

rigid toroid shape with a relatively hydrophobic interior and a hydrophilic outer surface. The 

unique structures of these compounds owe their stability to intramolecular hydrogen bonding 

between the C2- and C3-hydroxyl groups of neighbouring pyranose units. The molecule takes 

on the shape of a torus with the C2- and C3-hydroxyls located around the larger opening and 

the more reactive C6-hydroxyl aligned around the smaller opening. This arrangement forces 

the oxygen bonds closer together within the cavity, giving an electron rich hydrophobic 

interior. The size o f this cavity is a function o f the number of glucopyranose units forming the 

cyclodextrin. The solubility o f the natural occurring cyclodextrins is very poor, however 

substitution o f the 2, 3 and 6 hydroxyl sites renders the compounds water-soluble. These 

chemically modified cyclodextrins are now a valuable tool as complexing agents to increase 

the aqueous solubility o f poorly water-soluble drugs, and to increase their bio-availability and 

stability Cavity size is a major determinant as to which cyclodextrin is used in complexation. 

Hydrophobic molecules are incorporated into the cavity of cyclodextrins by displacing water. 

This reaction is favoured by the repulsion o f the molecule by water. This effectively 

encapsulates the molecule o f interest within the cyclodextrin, rendering it water-soluble. When 

the water-soluble complex is diluted in a much larger volume o f aqueous solvent, the process 

is reversed, thereby releasing the molecule o f interest into the solution.(Revied by Loftsson 

and Brewster, 1996 and The Source, 1991 & 1992).
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the galanin binding to cholesterol-depleted HEK 293 membranes expressing the galanin 

receptor also implies that there is a structural specificity for cholesterol.

Cholesterol has been shown not only to have a role in supporting the functional and 

structural integrity o f membrane proteins, but also acts to aid in the regulation o f protein 

expression and protein processing. The macrophage type B scavenger receptor CD36 appears 

to be regulated by cholesterol at the transcriptional level (Han et al., 1999). In a processing 

capacity, cholesterol depletion has been demonstrated to inhibit the formation of the P- 

amyloid protein (AP) from amyloid precursor protein (APP) in hippocampal neurons (Simons 

et al. 1998) and a link between cholesterol, Ap and Alzheimer’s disease has been postulated. 

Plasma membrane cholesterol has been reported to play an important role in the activation of 

ERX (extracellular signal-regulated kinase) by shear stress (Park et al., 1998). The mode with 

which cholesterol affects membrane protein ftinction and trafficking may be a lot more 

complex than a simple, direct molecule-molecule interaction. The relatively simple Singer- 

Nicholson membrane model has been seriously questioned over the last decade and the most 

profound articulation o f an opposing view has been the “Raft hypothesis”.

4.1.3 Lipid rafts and caveolae

The proposal o f the raft hypothesis occurred approximately ten years ago. It orginated 

from studies on epithelial cell polarity, and its central postulate was the existence of lipid rafts, 

consisting o f dynamic assemblies o f cholesterol and sphingolipids in the exoplasmic leaflet of 

the bilayer (lipid layer facing the extracellular space). The preponderance of saturated 

hydrocarbon chains in cell sphingolipids allows for cholesterol to be tightly intercalated, 

similar to the organisation of the liquid ordered state in model membranes. The inner leaflet is 

probably rich in phospholipids with saturated fatty acids and cholesterol (Fridriksson et al..
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1999), but its characterisation is still incomplete. It is also not clear how the inner leaflet is 

coupled to the outer leaflet. One possibility is that long chain fatty acids and sphingolipids in 

the outer leaflet couple the exoplasmic and cytoplasmic leaflets by interdigitation. 

Transmembrane proteins could also stabilise this coupling (Simons and Toomre, 2000). The 

membrane surrounding lipid rafts is more fluid, as it consists mostly o f phospholipids with 

unsaturated, and therefore kinked, fatty acyl chains and cholesterol. Thus, these lipid rafts 

form distinct liquid-ordered phases in the lipid bilayer, dispersed in a liquid-disordered matrix 

o f unsaturated glycerolipids (Brown and London, 1998; Schroeder et al., 1994). Recent studies 

indicate that lipid rafts are approximately 70 nm in diameter but may aggregate after cross- 

linking to generate larger structures resolvable by light-microscopy (Harder et al., 1998; 

Thomas et al., 1994; Varma and Mayor, 1998)

One o f the most important features of lipid rafts is that they can exclude or include 

proteins to variable extents. Proteins with raft affinity include glycosylphosphatidylinositol 

(GPI)-anchored proteins (reviewed by Brown and London, 1998; Hooper, 1999), doubly 

acylated proteins, e.g Src-kinases or the a-subunits o f heterotrimeric G proteins (Resh, 1999), 

cholesterol-linked and palmitoylated proteins such as Hedgehog (Rietveld et al., 1999) and 

transmembrane proteins (Brown and London, 1999). The key role that cholesterol plays in the 

formation of these lipid rafts has led to the hypothesis that much o f membrane protein 

interaction with cholesterol may occur within these rafts (Burger et al., 2000). Whether this 

holds true for all membrane proteins is debatable and there is much evidence for and against. 

Caveolae are small invaginations o f the plasma membrane and a subclass o f specialised lipid 

rafts. They were first identified on the basis of their morphology by Palade (1953) and 

Yamada (1955) and are formed by polymerisation o f caveolins -  hairpin-like palmitoylated 

integral membrane proteins that tightly bind cholesterol (Parton et al., 1996 and Smart et al., 

1999). The structure of caveolae is dependent on cholesterol and caveolae disappear on
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cholesterol removal. Several membrane proteins and receptors have been found in caveolae 

rich domains and associated with caveolin, including oxytocin receptor (Klein et a l,  2001); 

Bradykinin receptor (Haasemann et al., 1998; de Weerd and Leeb-Lundberg, 1997), the 

insulin receptor (Gustavsson et al., 1999; Muller et al., 1999), epidermal growth factor (Mineo 

et al., 2001), (3-adrenergic receptor (Rybin et al., 2000; Schwencke et al., 1999); muscarinic 

acetylcholine receptor (Feron et al., 1997; Desst et al., 2000) and a host o f other proteins. 

Caveolin and caveolae have been proposed to function in endocytosis, transcytosis, signal 

transduction and intracellular cholesterol transport (Smart et al., 1996 and Uittenbogaard et 

al., 1998) and efflux to extracellular carriers (Fielding and Fielding, 1997). These latter 

findings suggest that dynamic cholesterol-dependent regulation o f specific pathways could 

take place within caveolae. However, extensive research is required to determine whether or 

not the modulation o f membrane proteins is truly a caveolae phenomenon. Taken together, 

cholesterol influences many o f the biological properties o f membranes.

4.1.4 Aims of this Chapter

This study investigated the role that membrane cholesterol may play at modulating the 

rat serotonin transporter activity when stably expressed in a HEK 293 cell line. It was 

proposed to determine the effects that alteration in the cholesterol content o f the membrane 

may have on the functionality o f SERT with regards to its substrate transport and also to 

examine the effects, if any, on antidepressant binding. In recent times, much evidence has 

accumulated for the modulatory role of cholesterol with regards to membrane proteins. Indeed, 

Baker (1997) demonstrated that rSERT expressed using the baculo virus system in Sf9 insect 

cells showed a dependence on cholesterol for binding o f the SERT ligands imipramine and 

paroxetine. The cholesterol content o f the membranes was manipulated using the cyclic
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polysaccharide methyl-P-cyclodextrin. Treatment o f the Sf9 membranes with methyl-P- 

cyclodextrin resulted in a concomitant reduction in the specific binding o f imipramine and 

paroxetine to rSERT. Saturation analysis o f binding after reduction in membrane cholesterol 

showed an apparent reduction in affinity for the ligands along with a slight reduction in the 

maximal binding sites. The reduction in specific binding was found to be reversible to a 

degree o f 40-70% recovery and dependent on cholesterol. This data suggests a structural and 

specific dependence on rSERT overexpressed in Sf9 cells for cholesterol. This evidence and 

also indications from the many other membrane proteins prompted a further investigation into 

the possible interaction of rSERT and cholesterol. This time instead o f using the baculo virus- 

Sf9 expression, the more native mammalian expression system of HEK 293 cells was used as 

a model to study membrane cholesterol and SERT relations.

From a physiological point o f view the effects o f cholesterol on SERT were thought to 

be of interest. The link between serotonin hypofunction and mental disorder is well established 

for affective spectrum disorders, such as depression and complusive obsessive disorder, and in 

disorders characterised by aggression and violence and attempted suicide. Until recently, 

serum lipids and mental disorders had merited only an occassional mention in the literature 

(Jenkins et al., 1969), however this changed with the publication o f a meta-analysis of results 

o f the secondary prevention trials o f cholesterol lowering treatments (Muldoon et al., 1990) 

and of several large cohort studies (Jacobs et a l ,  1992). Subjects with low cholesterol were 

found to have significantly greater mortality due to accidents or suicide. This led to studies 

examining cholesterol levels in the psychiatric community. The evidence available to date is 

conflicting. Several studies have reported no correlation between depression and suicidal 

tendencies and low serum cholesterol (Manfredini et al., 2000; Sarchiapone et al., 2001). 

There are a number o f studies favouring a link between depression and lowered serum 

cholesterol levels (Rafter, 2001; Chen et al., 2001; Ghaemi et al., 2000). Some o f these studies
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involved patients suffering from depression proved with parasuicide tendencies and the major 

percentile showed a lowering o f serum cholesterol compared to control models. A postulated 

relationship between cholesterol and central serotonin has been postulated by Enkelberg 

(1992) and subsequently elaborated by Salter (1992). This hypothesis suggests that lowered 

synaptosomal cholesterol levels decrease the rate of uptake o f tryptophan from the blood and 

thus its entry into brain cells. There is some support in the literature for this, although concrete 

evidence is lacking. Seegmans et al. (1996) reported lowered plasma concentrations of 

serotonin in men with lowered cholesterol. Also a study by Kapan et al. (1994) described a 

lowered central nervous system serotonergic activity in monkeys with lowered cholesterol 

levels. Although these studies are broadly based on serum cholesterol levels, there is a seesaw 

relationship between membranous and serous cholesterol. There are no clinical studies to date 

examining the role o f membrane cholesterol in the ftinctionality o f 5HT uptake nor with 

regards antidepressant binding to SERT.

Thus, this study explored the nature o f the effects o f membrane cholesterol alteration 

on rat SERT functionality both regards native 5HT uptake and antidepressant binding o f the 

SSRI citalopram when overexpressed recombinantly in the mammalian cell line HEK 293. It 

was also attempted to elucidate the effects seen as distinct effects specifically due to 

cholesterol-transporter interactions and not indirect cholesterol effects due to changes in the 

biophysical properties of the membrane, which may in turn modify SERT functional 

properties.
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4.2 Results

4.2.1 Characterisation of the expression of the rat serotonin transporter in HEK 293 

cells

The mammalian HEK 293 cell line stably expressing the rat serotonin transporter was 

a gift from Patrick Schloss. In order to characterize the expression of rSERT in these cells for 

subsequent investigations, the binding of [^HJcitalopram to membrane preparations of the cell 

lines was examined. Figure 4.3 shows the saturation binding analysis of this ligand for the 

transporter in HEK 293 cells. The data was fitted to an equation describing a rectangular 

hyperbola, using non-weighted, non-linear least square regression analysis and the Kd value 

was determined to be 1.55 ± 0.16 nM with a Bmax of 6.26 ± 0.17 pmol/mg membrane protein 

(mean ± S.E.M. of three separate determinations). Non-specific, non-saturable binding was 

determined in the presence of unlabelled citalopram.

In addition to determination of the binding parameters of HEKrSERT for citalopram, 

the kinetics of 5HT uptake into HEKrSERT cells were measured. The uptake of [^H]5HT was 

found to be saturable and concentration dependent as can be seen from Figure 4.4. The Km 

value for 5HT uptake was determined as 547 ± 10 nM (mean + S.E.M. of three independent 

determinations) and Vmax was found to be 6.24 ± 0.29 pmol/well/min (mean ± S.E.M. of three 

independent determinations).

Figure 4.5 shows a Western blot of HEKrSERT and HEK 293 membranes (40 fig of 

each sample) blotted with an anti-SERT antibody against the C-terminus of the transporter. 

Both monomeric and aggregated forms of the transporter are present and bands are seen at 50- 

60 kDa and 120-130 kDa markers.
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Figure 4.3

Saturable binding of pH]citalopram to HEK-rSERT membranes

The binding o f  [^H] citalopram to the HEK-rSERT membranes (25 ^g), in 10 mM 

HEPES, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaCla and 1 mM 

MgCl2, in a volume o f  200 |j.1 was measured at room temperature as described in 

methods (section 2.15). Non-specific binding was determined in the presence o f  50 

|iM  unlabelled citalopram. Specific binding was calculated as the difference 

between total and nonspecific binding. Each point is the mean o f  triplicate 

determinations and error bars represent the S.E.M. Absence o f  error bars indicates 

errors were smaller than the size o f  the symbol. Kd and Bmax values were obtained 

by fitting the data to an equation describing a rectangular hyperbola including Hill 

coefficient using the computer graphics program SigmaPlot. The lines represent the 

best fit. The Kd for citalopram for this particular experiment was determined to be 

1.82 ± 0.13 nM with a Bmax o f  6.37 ± 0 . 1 7  pmol/mg membrane protein. The Hill 

coefficient was found to be 1.17 ± 0.14
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Saturable binding of [^HJcitaiopram to HEK-rSERT membranes

The binding o f [^H] citalopram to the HEK-rSERT membranes (25 ^g), in 10 mM 

HEPES, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaClz and 1 mM 

MgCb, in a volume of 200 ^1 was measured at room temperature as described in 

methods (section 2.15). Non-specific binding was determined in the presence of 50 

|iM unlabelled citalopram. Specific binding was calculated as the difference 

between total and nonspecific binding. Each point is the mean o f triplicate 

determinations and error bars represent the S.E.M. Absence o f error bars indicates 

errors were smaller than the size o f the symbol. Kd and Bmax values were obtained 

by fitting the data to an equation describing a rectangular hyperbola including Hill 

coefficient using the computer graphics program SigmaPlot. The lines represent the 

best fit. The Kd for citalopram for this particular experiment was determined to be 

1.82 ± 0.13 nM with a Bmax of 6.37 ±0 .17  pmol/mg membrane protein. The Hill 

coefficient was found to be 1.17 ± 0.14



Figure 4.5

Western blot of HEK 293 membranes expressing the rat serotonin transporter with anti-

SERT C-terminal antibody

HEK 293 cells expressing the rat serotonin transporter and control HEK293 cells were grown 

to confluency in 10 cm dishes and cell membranes prepared as described in section 2.10 and 

2.12. The membranes (40 .̂g HEK293 and 40 fig HEKrSERT) were subjected to SDS-PAGE 

(using a 9% resolving gel) and Western blotted for SERT using an anti-SERT antibody 

targeted against the C-terminal portion of the protein (see sections 2.27 and 2.28 for detailed 

description of these procedures).

Lane 1: HEK 293 membranes (40 |ag)

Lane 2: HEKrSERT membranes (40 fig)



4.2.2 Methyl-p-cyclodextrin reduces the cholesterol content of HEK 293 membranes

HEK 293 membrane preparations containing rSERT were incubated with increasing 

concentrations o f methyl-(3-cyclodextrin, a-cyclodextrin and y-cyclodextrin in order to 

determine which o f these compounds could reduce the membrane cholesterol content o f HEK 

293 cells. Following removal o f the compounds by washing, the cholesterol content o f the 

membranes was assayed using a kit available from Sigma. This enzymatic kit is based on a 

modification o f an assay by Allain et al. (1974) and the principle of the assay is as follows. 

Cholesterol is oxidized to cholest-4-en-3-one and hydrogen peroxide. The hydrogen peroxide 

produced is coupled to the chromagen, 4-aminoantipyrine and p-hydroxybenzenesulphonate, 

in the presence o f a peroxidase, to yield a quinoneimine dye that has an absorbance maximum 

at 500 nm. In this study, the cholesterol content of the membranes was expressed in terms of 

fig per mg membrane protein and was calculated according to the equation described in 

section 2.23.

Membranes were prepared from HEK 293 cells expressing rSERT according to the 

method o f Schloss et al. (1995) and the cholesterol content could be determined by direct 

addition o f membranes (50-1000 |ig) to the assay reagents. Negative controls using yeast 

(Pichia) and E.coli membranes, which do not contain cholesterol, were used so as to 

determine the accuracy of the kit and ensure that the reagents were in working order. A 

cholesterol standard supplied by the kit manufacturers acted as a comparison for the samples 

under test. The HEK 293 membranes were found to contain 113.98 ± 3.2 |ig cholesterol per 

mg of membrane protein (mean ± S.E.M. o f three separate determinations). Figure 4.6 shows 

the standard curve obtained for the amount of cholesterol measured versus quantity of 

membrane protein and the relationship is found to be linear.
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Figure 4.6
Cholesterol content of HEK 293 membranes

HEK 293 membranes were assayed for cholesterol using a cholesterol assay kit 

from Sigma (section 2.23). Briefly HEK 293 membranes (500 mg) were 

resuspended in HEPES LBB buffer (50 ml) to which cholesterol reagent (1 ml) was 

directly added. The mixture was left for 10 min at 37°C, centrifuged briefly to 

remove insoluble particles and the absorbance measured at 500 nm. These values 

were compared to a cholesterol standard to determine the cholesterol content. Each 

point is the mean o f duplicate values and errors represent S.E.M. Results shown are 

representative o f  an experiment that was repeated 3 times, each experiment yielding 

similar results in each case. Absence o f error bars indicates that error was smaller 

than the symbol representing data points.



Having determined the cholesterol content o f HEK 292 membranes, the membranes 

were subsequently incubated with various concentrations o f a -, y- and methyl-P-cyclodextrin 

compounds in order to determine which o f these compounds could successfully deplete 

membranes o f cholesterol and so be used for further investigations. These cyclodextrin 

compounds (shown in Fig.4.2) belong to a family of polysaccharides and vary from each other 

based on the size o f their hydrophobic core and side group substitutions. Membranes were 

treated for 30 mins at room temperature with each o f the compounds, followed by 

measurement o f the cholesterol content using the diagnostic cholesterol assay kit from Sigma. 

Figure 4.7 shows that methyl-P-cyclodextrin (concentration range 0-100 mg/ml) reduces the 

cholesterol content o f membranes, with less than 20% control cholesterol levels present after 

treatment with 100 mg/ml methyl-P-cyclodextrin.

HEK 292 membranes were treated with a-cyclodextrin and y-cyclodextrin at 

concentration ranges 0-20 mg/ml and 0-50 mg/ml. Analysis with higher concentrations was 

not possible due to poorer solubility o f these compounds in aqueous solution. In contrast to a 

reduction o f membrane cholesterol content with methyl-P-cyclodextrin, treatment with y- 

cyclodextrin and a-cyclodextrin failed to show any change in cholesterol content when HEK 

292 membranes were treated with various amounts o f these compounds as can be seen in 

Figures 4.8 (A) and 4.8 (B), thus, showing that the reduction o f membrane cholesterol is 

specific for methyl-P-cyclodextrin.

4.2.3 Cytotoxicity and viability effects of methyl-P-cyclodextrin on HEK 292 cells

Using the MTT and LDH assays described in sections 2.18 and 2.19, the toxic effects 

o f methyl-P-cyclodextrin on HEK 292 cells were investigated before any further investigation 

with methyl-P'Cyclodextrin could be performed on living cells. Cells were incubated for 30
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Figure 4.7

Methyl-P-cyclodextrin reduces the cholesterol content of HEK 293

membranes

HEK 293 membranes were gently agitated in methyl-p-cyclodextrin (various 

concentrations) for 30 min at room temperature as described in methods (section 2.21). 

Following removal o f cyclodextrin by washing, the membranes were harvested by 

centrifugation and assayed for cholesterol content using a cholesterol assay kit from 

Sigma (section 2.23). Briefly membranes were resuspended in HEPES LBB (50 }j,1) 

and cholesterol reagent (Iml) added. Following 10 min at 37 °C the absorbance o f the 

solution was measured at 500 nm. These values were compared to a cholesterol 

standard to determine the cholesterol content. Each point is the mean of duplicate 

determinations and this assay was repeated 3 times and a representative experiment is 

shown.



Figure 4.8
a -  and y - Cyclodextrins do not reduce the cholesterol content of HEK

293 membranes

HEK 293 membranes were incubated with various concentrations of a- and 

y-cyclodextrins as described in section 2.21. Membranes were then washed 

and harvested and assayed for cholesterol content. Cholesterol content was 

determined using an assay kit from Sigma (section 2.23). Membranes (500 

fig) were resuspended in HEPES LBB (50 |o.l) and assay reagent (1 ml) 

added and incubated at 37°C for 10 min. This was followed by brief 

centrifugation to remove insoluble particles and the absorbance measured at 

500 nm. Cholesterol was determined by comparison with a cholesterol 

standard. Samples measured were carried out in duplicate and the above 

experiment is representative of an experiment carried out 3 times with 

similar results obtained each time.
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min with various concentrations of methyl-P-cyclodextrin (0-25 mg/ml) and subsequently 

analysed for viable cells and cytotoxic effects using the MTT and LDH assays, respectively. 

Figure 4.9 (A) shows the effects of treatment on cell viability. It can be seen that incubation 

with concentrations of methyl-(3-cyclodextrin up to 12.50 mg/ml, had no effect on the viability 

of HEK 293 cells, when compared to control HEK 293 cells. However, incubation of cells 

with concentrations higher than this result in cell death, with no viable cells remaining at 

concentrations above 25 mg/ml methyl-P-cyclodextrin.

This result is mirrored by an LDH assay for the treatment of HEK 293 cells with 

methyl-P-cyclodextrin, as shown in Figure 4.9 (B). No cytotoxic effects are seen up to 

concentrations of 10-12.5 mg/ml methyl-P-cyclodextrin when compared to control, untreated 

cells, with 100% toxicity reached at a concentration of methyl-P-cyclodextrin above 25 

mg/ml. Thus, the “safe-window” for treatment of HEK 293 cells with methyl-P-cyclodextrin 

where no compromise in cell integrity was apparent, was determined to be at concentrations 

up to 12.5 mg/ml.

4.2.4 The effect of methyl-P-cyclodextrin treatment on the kinetic properties of

[^H]5HT uptake into HEK293  cells

The effects of methyl-p-cyclodextrin on the kinetic parameters of [^H]5HT uptake into 

HEK 293 cells stably expressing the rat serotonin transporter were investigated. Cells were 

treated with various concentrations of methyl-P-cyclodextrin (0-10 mg/ml) for 30 min at 37°C 

in serum-free DMEM as described in section 2.22. FBS contains a high level of cholesterol, 

and so as to prevent complexing of medium cholesterol with methyl-P-cyclodextrin, all 

incubations with cyclodextrin and subsequent washing steps were carried out in serum-free 

medium. Having removed the cyclodextrin, cells were assayed for [^H]5HT uptake as
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Figure 4.9 (A)

Determination of cell viability after treatment with MpCD  

using an M T T  assay

MTT assay was carried out according to the methods described in section 2.18. 

Briefly, HEK 293 cells were seeded down in a 96 well plate at a density o f 1-2 

X lO"* cells per well. Cells were grown to 80% confluency and cell medium was 

changed to serum-free DMEM and cells were incubated with various 

concentrations o f methyl-P-cyclodextrin for 30 min at 37°C. This was then 

followed by the addition o f MTT solution (20 |j,l) directly to each well. Plates 

were then left at 37°C until crystals formed and medium carefully removed. 

Having dissolved the crystals by addition o f Sorenson’s glycine buffer, the A 5 9 5  

was read and the percentage o f viable cells determined by comparison with 

control wells.
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Figure 4.9 (B)

Determination of the cytotoxic effects of methyi-p-cyclodextrin 

using an LDH assay

An LDH assay was performed as described in section 2.19. Briefly, HEK 293 

cells were seeded down in a 96 well plate and treated with various 

concentrations o f  methyl-P-cyclodextrin for 30 min at 37°C. Cell medium was 

removed to a new plate and substrate mix reagent from the LDH assay kit from 

Promega added. After incubation for 30 min in the dark at room temperature, 

stop solution was added and the A49 2  read. Cytotoxicity was determined by 

comparison with control lysed and non-lysed samples.



described in section 2.17 using a concentration o f  [^H]5HT o f  around 250 nM. Figure 4.10  

show s that treatment o f  HEKrSERT cells with m ethyl-p-cyclodextrin causes a dose-dependent 

decrease in specific uptake. N on-specific uptake was determined in parallel using control HEK  

293 cells and this background uptake was then subtracted from the total uptake into 

HEKrSERT. The IC50 value, which represents the concentration o f  methyl-P-cyclodextrin that 

reduced the specific uptake o f  [^H]5HT by 50%, was found to be 4.5 ±  1.0 mg/ml methyl-P- 

cyclodextrin (mean ±  S.E.M. o f  3 determinations). Concentrations o f  cyclodextrin higher than 

10 mg/ml were not analysed for effects on specific uptake because o f  the toxic nature o f  the 

compound at concentrations above 10-12.5 mg/ml cyclodextrin.

To further explore the effects o f  membrane cholesterol depletion on the properties o f  

5HT uptake into HEKrSERT cells, cells were incubated for 30 min at 37°C with 10 mg/ml 

methyl-P-cyclodextrin and subsequently analysed for saturable [^H]5HT uptake and compared 

to control uptake into untreated HEKrSERT cells. Figure 4.11 show s the saturation uptake 

analysis for m ethyl-p-cyclodextrin treated and control cells. The data points were fitted by 

non-linear regression using an equation, which describes non-weighted rectangular hyperbola. 

Treatment with m ethyl-P-cyclodextrin results in an apparent reduction o f  transporter function 

with a loss in affinity and a concomitant reduction o f  the maximal transport. Table 4.1 shows a 

comparison o f  uptake parameters between control and methyl-P-cyclodextrin-treated cells. An 

increase in the apparent Km value to 740 ± 1 1 8  nM (mean ±  S.E.M . o f  three independent 

determinations) was obtained, compared to 429 ± 74 nM (mean ± S.E.M . o f  three independent 

determinations) for control cells. Vmax values were reduced to approximately 25% in the 

treated cells when compared to untreated controls.

In order to investigate whether the loss o f  5HT uptake after cholesterol depletion was 

reversible, replenishment o f  cholesterol into the m ethyl-P-cyclodextrin treated cells by

123



[^
H]

5H
T 

up
tak

e 
(p

m
ol

/w
el

l/m
in

)
0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00
0 1 2 3 4 5 6 7 8 9 10

[MpCD] (mg/ml)

Figure 4.10

MpCD reduces [^H] 5HT uptake into HEKrSERT ceils

HEKrSERT cells were plated out in 24 well plate, grown to confluency and 

treated for 30 mins at 37°C with MpCD (0-10 mg/ml) as described in section 

2.22. Following removal o f cyclodextrin by washing, [^H]5HT uptake into 

HEKrSERT was measured by incubation with [^H]5HT (0.23 nM) in TBl 

medium. Each point is the mean ± S.E.M. of quadruplicate wells. This 

experiment was carried out on 3 separate occasions and data shown is a 

representative experiment.
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Figure 4.11

[^H]5HT uptake into HEK i^ERT cells after treatment 

with methyl-p-cyclodextrin

HEK 293 cells expressing the rat serotonin transporter were seeded down in 24 well 

plates, which had previously been coated with poly-L-lysine. Having reached 

confluency the medium was removed and cells were gently washed with serum free 

DMEM and treated with MpCD (10 mg'ml) for 30 min as described in section 2.22. 

Cells were then assayed for [^H]5HT uptake as described in method (section 2.17). 

Each point is the mean ± S.E.M. o f  quadruplicate wells and non-specific [^H]5HT 

uptake was determined in HEK 293 cells in which the transporter was not expressed. 

Specific uptake was calculated by subtraction o f  non-specific intake values from 

those obtained for the serotonin transporter containing cells. The above experiment is 

representative o f  an experiment which had been repeated three times. Graph p b ts  

were obtained using a fit for Michaelis-Menten with the program SigmaPlot. For this 

experiment, Vmax is 3.91 ± 0.34 pmol/well/min for control and 3.19 ± 0.02 

pmol/well/min for MpCD treated cells. Km values are as follows: 0.41 ± 0.11 |oM for 

5HT uptake into control cells and 0.80 ±0.06 |jM for MpCD treated HEKrSERT 

cells.



Treatment V max

pm ol/weil/min fiM

none 3.71 +/- 0.45* 0.43 +/-0.07*

10 mg/ml MpCD 2.80+/- 0.21* 0.74 +/-0.12*

*n=3

Table 4.1
Comparison of 5HT uptake parameters in control and 

methyl-P-cyclodextrin-treated cells

MpCD treatment of HEKrSERT cells and subsequent 5-HT 

uptake transport analysis were performed as described in 

sections 2.22 and 2.17 respectively. Data shown in the above 

Table represents the mean ± S.E.M. of three independent 

experiments performed in quadruplicate.



incubation with a methyl-P-cyclodextrin-cholesterol complex was attempted. The methyl-(3- 

cyclodextrin-cholesterol complex was prepared according to section 2.20, a method that had 

previously been described by Klein et al. (1995). However, after having treated the cells with 

non-toxic concentrations of methyl-(3-cyclodextrin, followed by removal of this compound by 

careful washing, a second treatment step, using even lower concentrations o f cholesterol 

complex, resulted in partial cell death. Therefore, these experiments could not be evaluated.

4.2.5 Methyl-P-cyclodextrin treatment of HEKrSERT membranes reduces the specific

binding of [^H]citaIopram

HEKrSERT cells were gently agitated for 30 min at room temperature with methyl-P- 

cyclodextrin as was described in section 2.21. The membranes were collected by 

centrifugation and washed in buffer to remove residual cyclodextrin. Subsequently binding of 

[^Hjcitalopram to these membranes was measured. Figure 4.12 shows that treatment of 

membranes with various concentrations of methyl-P-cyclodextrin reduced the specific binding 

of [^H]citalopram in a dose-dependent manner. The IC50 value, which represents the 

concentration of methyl-P-cyclodextrin needed to reduce citalopram specific binding by 50%, 

was found to be 32 ± 2 mg/ml (mean ± S.E.M. o f three independent determinations) methyl-P- 

cyclodextrin. The reduction o f membrane cholesterol by methyl-P-cyclodextrin is also 

accompanied by a concomitant reduction in specific binding o f citalopram.

To further investigate the effect o f cholesterol removal on the ligand binding properties 

o f HEKrSERT, saturable binding of [^HJcitalopram to HEKrSERT membranes before and 

after treatment with methyl-P-cyclodextrin was carried out. Figure 4.13 (A) shows a 

comparison o f citalopram saturable binding to control, untreated membranes and membranes 

that had been treated with 15 mg/ml methyl-P-cyclodextrin. At this concentration of
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Figure 4.12

Methyl-P-cyclodextrin reduces specific binding of [^H]citalopram to HEK 

293 membranes expressing rSERT

HEK 293 membranes expressing the rat serotonin transporter were gently 

agitated with various concentrations o f methyl-P-cyclodextrin in 10 mM HEPES 

buffer, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaCl2 and 1 mM 

M gC t, at room temperature for 30 min (section 2.21). Membranes were 

harvested by centrifugation and washed in HEPES LBB to remove cyclodextrin. 

The binding o f [^H]citalopram (2.22 nM) to the treated membranes (40 ^g) was 

measured at room temperature as described in Methods (section 2.15). Non

specific binding was determined in the presence o f 50 |iM unlabelled citalopram. 

Specific binding was calculated from the difference between the total and non

specific binding. Each point is the mean o f three replicates and the error bars 

represent the S.E.M. Absence o f error bars indicates that the error was smaller 

than the size o f the data symbol used.



Figure 4.13 (A) & (B)

Methyl-P-Cyclodextrin appears to increase tlie Kd values of [^H]citalopram binding to 

HEKrSERT membranes wlien used at a non-toxic concentration and decreases botli 

affinity and maximal binding parameters when used at high concentration

HEK 293 cell membranes expressing the rat serotonin transporter were gently agitated with 

methyl-(3-cyclodextrin (15 mg/ml and 60 mg/ml in HEPES/LBB buffer) for 30 min at 

room temperature as described in section 2.21. The membranes were harvested by 

centrifugation, washed by resuspension in LBB to remove the complex and followed by 

centrifugation to collect membranes as was described in methods (section 2.15). The 

binding of [^HJcitalopram to these membranes was carried out at room temperature as 

described in methods. Non-specific binding was determined in the presence of 50 îM 

unlabelled citalopram. Specific binding was calculated as the difference between total and 

non-specific binding. Each point is the mean of three replicates and the error bars represent 

S.E.M. Absence o f error bars indicates that the errors are smaller than the symbol 

representing the data points. Data shown is representative of an experiment that had been 

repeated 3 times. Lines represent the best fit.

In the data represented here, the apparent binding parameters obtained for citalopram 

binding were as follows: Control citalopram binding to HEKrSERT gave Kd of 1.98 ± 

0.43nM and Bmax o f 5.61 ± 0.56 pmol/mg membrane protein (shown in both figures 4.13 

(A) & (B)). When treated with methyl-p-cyclodextrin at a concentration of 15 mg/ml as 

shown in Figure 4.13 (A), the Kd value of 5.40 ± 1.03 nM was obtained with a Bmax of 

5.49 ± 0.40pmol/mg protein. Kd and Bmax values for treatment with 60 mg/ml methyl-P- 

cyclodextrin as shown in figure 4.13 (B) were 5.68 ± 0.13nM and 1.19 ± 0.21 pmol/mg 

protein, respectively. These values were obtained by fitting the data points to a rectangular 

hyperbola plot, which also considers the Hill coefficient. The program used to obtain this 

fit was SigmaPlot.
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cyclodextrin, 63 ± 4 % o f control cholesterol is present. Fitting the data obtained by non-linear 

regression describing an equation that considers a single class o f  binding site, revealed an 

apparent decrease in affinity for treated membranes. A K d o f  4.34 ± 0.63 nM  (mean ± S.E.M. 

o f three independent determinations) was obtained for citalopram binding to treated 

membranes. No significant change in maximal num ber o f  binding sites (Bmax) was found 

when control and treated data was compared.

Incubation o f  membranes with 60 mg/ml methyl-P-cyclodextrin, whereby cholesterol 

is depleted to that o f  26 ± 2 % control membrane cholesterol was also tested for effect on the 

binding properties o f  citalopram. Figure 4.13 (B) shows the resulting citalopram saturation 

binding analysis for control and treated membranes. It can be seen that removal o f larger 

amounts o f  cholesterol not only decreases the affinity o f  citalopram for HEKrSERT to 5.68 ± 

0.13 nM  (mean ± S.E.M. for three separate determinations), but also decreases the maximal 

num ber o f binding sites to 1.19 ± 0.21 pmol/mg membrane protein (mean ± S.E.M. for three 

separate determinations). Table 4.2 shows a comparison o f  citalopram binding properties for 

control and methyl-P-cyclodextrin treated membranes.

4.2.6 The effect of a-cyclodextrin and y-cyclodextrin treatment on ligand binding 

activity of HEKrSERT membranes

In addition to determination o f  the effects o f  methyl-P-cyclodextrin treatment o f 

citalopram binding to HEKrSERT membranes, a -  and y-cyclodextrins were also tested for 

their ability to influence citalopram binding to SERT. M embranes were incubated with various 

concentrations o f  a -  and ycyclodextrins and following removal o f  the compounds and 

harvesting o f  the membranes, [^HJcitalopram binding to the membranes was measured. 

Figures 4.14 (A) and 4.14 (B) show that neither o f these compounds have any effect on the
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TREATMENT Bmax Ko

pmol/mg membrane protein nM

none 5.61 +/- 0.56 1.98+/- 0.43

15 mg/ml MpCD 5.49 +/- 0.40 4.34 +/- 0.63

60 mg/ml MpCD 1.19+/- 0.21 5 .68 +/- 0.13

Table 4.2

Comparison of citalopram binding properties in control

HEKrSERT and methyl-P-cyclodextrin treated-HEKrSERT
membranes

MPCD treatment and [^H]citalopram binding of HEKrSERT membranes 

were performed as described in sections 2.21 and 2.15 respectively. Data 

shown in the table above represen the mean ± SEM of three independent 

experiments performed in triplicate.



Figure 4.14 (A) & (B) 

a- and y-Cyclodextrin do not reduce the specific binding of [^H]citalopram to

HEKrSERT ceil membranes

HEK 293 cell membranes expressing rSERT were gently agitated for 30 min at room 

temperature with various concentrations of a- and y-cyclodextrin in HEPES binding buffer (10 

mM HEPES, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaCh and 1 mM MgCU). 

The membranes were harvested by centrifugation and washed as described in methods (section 

2.21) with HEPES buffer to remove the cyclodextrin. The binding of [^H]citalopram (1.90 

nM) to the treated membranes (25 [ig) was measured at room temperature as previously 

described in section 2.15. Non-specific binding was determined in the presence of 50 

unlabelled citalopram. Specific binding was calculated as the difference between total and 

non-specific binding. Each point is the mean ± S.E.M. Data shown is representative of an 

experiment that was repeated three times, each experiment yielding a similar result in each 

case.
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specific binding o f citalopram to HEKrSERT. This result is mirrored by the observation that 

neither o f these cyclodextrin compounds could remove membrane cholesterol (section 4.2.2), 

thus suggesting that methyl-|3-cyclodextrin mediated reduction in the cholesterol content of 

the membranes is responsible for the effect on citalopram binding parameters seen.

4.2.7 The effect of methyl-p-cyclodextrin-cholesteroi complex on methyl-P-

cyclodextrin-treated HEKrSERT membranes

Having shown that removal of cholesterol has a significant effect on the binding of 

citalopram to HEKrSERT, it was investigated if these effects could be reversed and 

cholesterol levels restored. A soluble complex o f methyl-P-cyclodextrin-cholesterol was 

produced and cholesterol depleted membranes were treated with various amounts of 

cholesterol complex and the cholesterol content measured as described in sections 2.21. and 

2.23 respectively. Figure 4.15 shows that this treatment could restore levels o f cholesterol- 

depleted membranes to that o f control membranes. By using increasing amounts o f the 

cholesterol complex, the incorporation o f cholesterol did not increase linearly but reached a 

maximum level. Concentrations o f methyl-P-cyclodextrin-cholesterol up to 3 mg/ml restored 

cholesterol levels to that o f control membranes. At concentrations above this, cholesterol 

levels could be increased to three times that o f control membranes with saturation occurring 

after incubation with 6 mg/ml methyl-p-cyclodextrin-cholesterol.

Following the establishment that cholesterol levels o f methyl-P-cyclodextrin-treated 

membranes could be restored to amounts found in untreated HEK membranes using the 

methyl-P-cyclodextrin-cholesterol complex, it then had to be determined if restoring 

cholesterol levels also coincided with a recovery o f specific citalopram binding. Following 

treatment o f cholesterol-depleted membranes with methyl-P-cyclodextrin-cholesterol complex
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Figure 4.15

Methyl-P-cyclodextrin-choIesterol reloads cholesterol into previously methyl-P- 

cyclodextrin-cholesterol depleted HEK 293 membranes

HEK 293 membranes were treated with methyl-(3-cyclodextrin (60 mg/ml) as described 

in section 2.21. After removal o f the cyclodextrin by washing, membranes were 

harvested by centrifugation and incubated with methyl-p-cyclodextrin-cholesterol 

complex for 30 min at room temperature. After removal o f the complex by washing, 

membranes were assayed for cholesterol content using a cholesterol detection kit from 

Sigma as described in section 2.23. A cholesterol standard provided with the kit was used 

as a comparison for samples. Data shown is the mean + range o f duplicate samples and 

this experiment is representative of one, which had been carried out three times with 

similar results obtained in each case.



(60 mg/ml), membranes were then assayed for [^H]citalopram binding. It was found that 

specific binding in these treated membranes could be recovered to that o f control levels and 

this experiment was carried out three times with reversal o f loss of binding achieved each 

time. A further decrease (>85% of control levels) o f the cholesterol amount in the membranes 

attenuated the degree o f restoration o f the ligand binding and so did not result in recovery. 

This suggests that complete removal of cholesterol may completely unfold or change the 

conformational state o f the protein to such a degree that the probability o f rescue is low. 

Figure 4.16 shows that the recovery of binding was maximal at concentrations o f complex of 

2-3 mg/ml complex. Concentrations above this where higher amounts o f cholesterol than 

control have been incorporated do not show an enhancement in specific citalopram binding.

It was also noted during these investigations that the complex of methyl-|3-cyclodextrin 

and cholesterol was quite unstable and that even with storage at -80°C, the complex became 

inactive after 3-4 weeks. In fact, it was observed a number o f times that usage of the complex 

after several weeks of storage resulted in an inactivation o f SERT citalopram binding. Similar 

effects have been reported by Baker (1997), who suggested that oxidation o f cholesterol 

present in the complex may be responsible for this observed inhibition. Oxidized cholesterol 

protrudes less into the hydrocarbon region o f the membrane bilayer than unesterified 

cholesterol. Additionally, hydrocarbon region and hydroxyl groups of oxidized cholesterol 

align with the glycerol bridge region of the phospholipids, rather than lining up with the acetyl 

region o f the phospholipids as is the case with cholesterol.

4.2.8 Effect of methyl-P-cyclodextrin-choIesterol on HEKrSERT membranes

In addition to the above experiments, it was decided to investigate whether or not an 

increase in basal cholesterol levels in HEKrSERT cell membranes could be increased and also
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Figure 4.16

Methyl-P-cyclodextrin-cholesteroi fully restores [^H]citalopram specific binding in 

HEKrSERT membranes previously treated with methyl-P-cyclodextrin.

HEK 293 membranes expressing the rat serotonin transporter were incubated with methyl- 

P-cyclodextrin (60 mg/ml in LBB) for 30 min at room temperature as described in section 

2.21. Following removal of the cyclodextrin by washing, membranes were harvested and 

gently agitated with methyl-p-cyclodextrin-cholesterol (0-8 mg/ml) for 30 min at room 

temperature. The complex was removed by washing and membranes resuspended in LBB 

and the binding of [^H]citalopram (3 nM) carried out as described in section 2.15. Non

specific binding was carried out in the presence of 50 |iM unlabelled citalopram. Specific 

binding was calculated as the difference between total and non-specific binding. The data 

shown above is representative of an experiment that was carried out 3 times. Each data 

point is the mean ± S.E.M. of three replicates.



determine if an increase in cholesterol content would stimulate an increase in specific 

[^H]citalopram binding to SERT. Figure 4.17 shows that incubating membranes with 

increasing concentrations o f methyl-P-cyclodextrin-cholesterol could increase the cholesterol 

content o f membranes over 5 fold. This increase in cholesterol content was linear up to 6 

mg/ml, with saturation occurring above this concentration. However, as shown in Figure 4.18, 

the increase in membrane cholesterol was not paralleled by a stimulation o f [^H]citalopram 

binding. These experiments were carried out three times with similar results achieved each 

time.

4.2.9 Effects of other membrane modulators on HEKrSERT ligand binding properties

Membrane protein functionality is in many cases dependent on the biophysical state of 

the lipid bilayer. Although cholesterol content is a primary effector in this regard, membrane 

fluidity and steroid content are also known to have a profound effect on the physical state of 

the cell membrane. To determine whether or not the removal of cholesterol is specifically 

responsible for the changes in ligand binding properties o f citalopram for HEKrSERT, 

membranes were treated with a number of membrane modulators and subsequently analysed 

for binding. Firstly, treatment o f membranes with ethanol, known to fluidise membranes, did 

not alter specific binding o f [^H]citalopram to HEKrSERT membranes when used at 

concentrations up to 5% (final concentration). Ethanol was directly added to the membranes 

along with [^H]citalopram and left at room temperature for 60 min before filtration and 

counting as described in section 2.16. Table 4.3 shows a comparison o f citalopram binding for 

control and ethanol treatments. These results suggest that citalopram binding to SERT is 

independent of membrane fluidity.

In a second approach in order to ftirther explore if the effects seen with cholesterol 

reduction are specific, membranes were treated with filipin. Filipin is a polyene antibiotic and
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Ethanol Concentration 
Final (v/v)

Relative Citalopram Binding 
% control binding

0 100 ±5.74

0.5 97.28 ±2.17

1.0 100± 1.17

1.5 97.6212.17

2.0 98.62 ± 1.17

2.5 99.75 ± 5.68

5.0 101.94 ±2.07

Table 4.3

Ethanol does not affect [^H]citalopram binding to HEKrSERT membranes

HEKrSERT membranes (15 mg) were incubated with ethanol at indicated concentrations 

above (0-5 % (v/v) end concentration) for 20 min at room temperature before the addition of 

[^Hjcitalopram (2.29 nM) to start the binding assay. Radioligand binding was carried out as 

described in section 2.16. Data shown in the above table represents the mean ± S.E.M. of 

three independent experiments performed in triplicate. Control binding in the absence of 

ethanol is defined as 100%. Non-specific binding was determined in the presence of 

unlabelled citalopram (50 |xM).



[MpCD-cholesterol] (mg/mJ)

control 
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Figure 4.17

Treatment of HEK 293 membranes with methyl-p-cyclodextrin-cholesterol increases

cholesterol content

HEK 293 membranes were incubated with methyl-p-cyclodextrin-cholesterol complex as 

described in section 2.21. Following removal of the sterol complex and harvesting of the 

membranes, the cholesterol content was measured. A cholesterol detection kit from 

Sigma was used and cholesterol standard used a comparison. Each point is the mean ± 

S.E.M. of duplicate determinations. This experiment was carried out three times and the 

above is a typical representation.
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Figure 4.18

Effect of methyl-p-cyclodextrin-cholesterol treatment of HEKrSERT 

on [^H]cita lop ram specific binding

HEK 293 membranes expressing the rat serotonin transporter were 

incubated for 30 min with various concentrations o f  methyl-p- 

cyclodextrin-cholesterol complex as described in section 2.21. After 

removal o f  the conplex by washing and harvesting o f the membranes by 

centrifugation, the binding o f [^HJcitalopram to the treated membranes 

was carried out as described in section 2.15. Non-specific binding was 

determined in the presence o f 50 unlabelled citalopram and specific 

binding calculated as the difference between total and non-specific 

binding. Each point is the mean o f three replicates and the error bars 

represent the S.E.M. Data represented here is a typical experiment carried 

out three times.



fluorochrome that is known to form filipin-cholesterol complexes in the membrane. Filipin has 

the advantage that it does not chemically modify cholesterol, but alters its distribution within 

the membrane. Figure 4.19 illustrates that treatment o f SERT membranes with increasing 

concentration o f filipin reduces [^H]citalopram specific binding in a dose-dependent manner, 

thus effectively inhibiting binding. The IC50 for filipin inhibition, that is the value which 

attenuates specific binding to that of 50% of control, is 41 ± 2  ^iM (mean ± S.E.M. for two 

independent determinations, each determination consisting o f triplicate data points).

In another approach, it was investigated whether or not modification o f the accessible 

pool o f cholesterol to 4-cholesten-3-one by cholesterol oxidase can influence specific 

citalopram binding to rSERT. Treatment o f membranes with cholesterol oxidase structurally 

alters, but does not remove membrane cholesterol. Given that the total amount of cholesterol 

and 4-cholesten-3-one does not change in the membrane, the fluidity o f the membrane remains 

relatively constant. HEKrSERT membranes were incubated with cholesterol oxidase as 

described in section 2.24 prior to radioligand binding with [^H]citalopram. Figure 4.20 shows 

a dose-dependent decrease in specific [^H]citalopram seen with increasing concentrations of 

cholesterol oxidase and 50% inhibition o f specific binding is achieved using 6.4 ± 2.6 mU/ml 

cholesterol oxidase. In order to ensure that the effects on citalopram binding obtained are 

specific for treatment with cholesterol oxidase, the enzyme was inactivated by boiling prior to 

incubation with HEKrSERT membranes. Figure 4.20 also demonstrates that inactive 

cholesterol oxidase has no effect within error on specific [^HJcitalopram binding.

Figure 4.21 is a comparison of the various membrane modulators ability to diminuish 

[^HJcitalopram specific binding and results indicate that the binding is dependent on the 

structure o f cholesterol and not on fluidity o f the bilayer.
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Figure 4.19

Treatment of HEKrSERT membranes with filipin reduces the specific binding of 

[^H]citalopramto HEKrSERT membranes

Increasing concentrations o f  filipin were added to HEKrSERT membranes (40 |ig) in 

LBB (in a total volume o f 100 |al) and incubated at room temperature in the dark for 

15 min. Following washing and resuspension as described in section 2.24, membranes
“I

were added directly to LBB containing [ HJcitalopram (2.67 nM) and incubated at 

room tenperature for 1 hr, followed by filtration through GF/C filters and counted for 

radioactivity as described in section 2.16. Data shown is the mean ± S.E.M. o f 

tr^licate values. Non-specific binding was assessed by inclusion o f  unlabelled 

citalopram (50 |oM) and specific binding was calculated as the difference between 

total and non-specific binding.



5

4

2
X  s

1

0
10 5 10 50 100

[cholesterol oxidase] (mU/ml)

•  active cholesterol oxidase 
O inactive cholesterol oxidase

Figure 4.20

Treatment of HEKrSERT Membranes with Active & Inactivated Cholesterol 

Oxidase reduces [^H]citalopram specific binding

Active cholesterol oxidase and inactive cholesterol oxidase (inactivated by boiling for 

15 min at 100°C) were incubated with HEKrSERT membranes as described in section 

2.24. Ligand binding buffer containing [^HJcitalopram (3.42 nM) was added directly to 

the tubes, so as to assay the effects o f cholesterol on citalopram ligand binding. As 

described in section 2.15, after 1 hr incubation at room temperature, samples were 

filtered through Whatman GF/C filters and counted for radioactivity. Values shown 

represent specific binding o f citalopram to HEKrSERT in pmol/mg membrane protein 

after subtraction o f non-specific binding. Non-specific binding was calculated by 

including unlabelled citalopram (50 |iM) in assay mix. Values represented here are the 

S.E.M. o f triplicate values o f an experiment that was carried out three times.
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Figure 4.21

Effects of various agents on [^H]citalopram specific binding to HEKrSERT

membranes

HEK 293 membranes expressing the rat serotonin transporter were treated with the 

following: methyl-p-cyclodextrin (100 mg/ml), ethanol (2% v/v final concentration), 

filipin (200 |^M) and cholesterol oxidase (100 mU/ml) as described in section 2.21 

and 2.24. These membranes were then assayed for specific citalopram binding by 

incubation with [^Hjcitalopram (2.22 nM) for 60 min at room temperature as 

described in section 2.15. Non-specific binding was determined in the presence of 50 

unlabelled citalopram. Specific binding was calculated by subtraction of non

specific binding from total binding. The data shown above is the mean ± S.E.M. of 

three replicate samples and this experiment is representative o f one which was carried 

out twice with similar results obtained both times.



4.2.10 Specificity of cholesterol and related steroids for their capability to restore ligand- 

binding function in cholesterol depleted HEKrSERT membranes

Various steroids were compared with respect to their capacity to restore the ligand 

binding of citalopram to HEKrSERT membranes that had been depleted of cholesterol. Nearly 

80% of the initial cholesterol content in the membranes was removed by a 30 min incubation 

step at room temperature with methyl-p-cyclodextrin (60 mg/ml). This also led to a reduction 

in the specific binding of [^H]citalopram as described in section 4.2.5. Methyl-P-cyclodextrin 

complexes containing ergosterol, 5-cholestene and prenenolone were made according to the 

method described in section 2.21. These steroids were chosen as they have minimal structural 

differences to cholesterol. Incubation of the cholesterol-depleted membranes with these 

complexes, as described in section 2.22, was followed by ligand binding analysis with 

[^HJcitalopram. Figure 4.22 shows a comparison of the functional potency of the different 

steroids compared to cholesterol at restoring [^HJcitalopram specific binding. Data is 

expressed as percentage of specific binding relative to control. The steroids ergosterol, 

prenenolone and 5-cholestene failed to reverse the cholesterol-depletion-mediated inhibition 

of [^H]citalopram binding.

4.2.11 HEK 293 membranes express the cholesterol binding protein caveolin

HEK 293 cells were grown to confluency in 10 cm dishes. Three different preparations 

from HEK 293 cells were then prepared for analysis by SDS-gel and Western blotting. Firstly 

membranes made according to the method of Schloss et al. (1995) as described in section 

2.12. Secondly, cell lysates (described in section 2.24) were prepared by two methods, either 

using Sten buffer or Rudnick’s IP buffer. Samples were then loaded on an SDS gel (15% 

resolving gel) for protein electrophoresis and Western blotted using an antibody against the
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Figure 4.22

Effect of methyl-P-cycldoextrin steroid complexes on the specific binding of 

[^H]citalopram to HEKrSERT membranes

HEK 293 membranes containing the serotonin transporter were treated with methyl-P- 

cyclodextrin to reduce the specific binding of [^H]citalopram. The depleted membranes 

were then incubated with methyl-P-cyclodextrin-steroid complexes of cholesterol, 5- 

cholestene, pregnenolone and ergosterol for 30 mins at room temperature as described in 

section 2.21. Following washing and harvesting of membranes, the binding of 

[^HJcitalopram (2-3 nM) was measured in the presence (non-specific) or absence (total) of 

unlabelled citalopram (50 ^M). Specific binding is calculated as the difference between 

total and non-specific binding. The results shown represent the percentage of recovery of 

specifc binding in the treated samples when compared to control untreated HEKrSERT 

membranes (100%). Each point represents the S.E.M. of three replicates. This experiment 

was carried out twice with similiar results obtained in each case.



amino terminus o f caveolin-1. Figure 4.23 shows the blot analysis revealing a single band for 

caveolin-1 present in all samples at around 21 kDa.

4.2.12 Co-immunoprecipitation of hSERT with caveolin-1 pull-down assay

Caveolin-1 has been shown to interact directly with a variety o f membrane proteins. To 

evaluate a potential in vivo interaction between HEK-SERT and caveolin, co- 

immunoprecipitation studies were performed in an attempt to “pull-down” the potential cross

reacting proteins. Samples were prepared from HEKhSERT and HEKrSERT cells using the 

method o f Kilic and Rudnick (2000). The HEKhSERT cell line was a gift from Harald Sitte 

and the characterisation o f this cell line is discussed in chapter 5.

Samples were incubated with Pansorbin® overnight at 4°C and then co- 

immunoprecipitated with an antibody against SERT or caveolin, as described in section 2.23. 

The antibody used against SERT was polyclonal, targetting the C-terminus o f the protein. In 

the case o f caveolin, the antibody was also polyclonal, targetting the N-terminal end of 

caveolin-1. Subsequent analysis by SDS-PAGE and Western blot show that hSERT could be 

immunoprecipitated when an anti-caveolin-1 polyclonal antibody was employed, revealing 

SERT protein bands on the blot running at 60 and 120 kDa, as is shown in Figure 4.24. rSERT 

failed to immunoprecipitate with the anti-caveolin antibody. In contrast, the co- 

immunoprecipitation o f caveolin using a polyclonal SERT antibody failed to give a clean 

result, with numerous bands appearing, thus preventing clear-cut determination o f band 

identity.
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Figure 4.23

Western blot of HEK 295 membranes with anti-caveolin-1 antibody

HEK 293, HEKrSERT and HEKhSERT cells were grown to confluency in 

10 cm dishes and membranes prepared according to the method o f Schloss 

et al. (1995) as described in sections 2.12. In addition cell lysates were 

prepared by two methods as described in section 2.24. The membranes (40 

|xg) and cell lysates (40 |o.g) were submitted to SDS-PAGE (15% resolving 

gel) and Western blotted with anti-caveolin-1 antibody (section 2.27 and 

2.28). A 21 kD band is present in all samples.

Lane 1: HEK 293 cell membranes

Lane 2: HEK 293 cell lysate (made with STEN buffer)

Lane 3: HEK 293 cell lysate (made with Rudnick’s IP buffer)

Lane 4: HEKrSERT membranes

Lane 5: HEKrSERT lysate (made with STEN buffer)

Lane 6; HEKrSERT lysate (made with Rudnick’s IP buffer)

Lane 7: HEKhSERT membranes

Lane 8: HEKhSERT lysate (made with STEN buffer)

Lane 9: HEKhSERT lysate (made with Rudnick’s IP buffer)
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Figure 4,24

Western blot of SERT lysates with anti-SERT antipeptide antibody 

following co-immunoprecipitation with anti-caveolin-1 antibody

HEKhSERT, HEKrSERT and HEK293 cell lysates were prepared according to 

method described in section 2.26. Following co-immunoprecipation using an 

anti-caveolin-1 antibody (section 2.25), precipitates were subjected to SDS- 

PAGE (10 % resolving gel) and Western blotted with anti-SERT antipeptide 

antibody, which is targeted against the C-terminus of the protein (sections 2.27. 

and 2.28).

Lane 1: HEK 293 precipitate 

Lane 2: HEKhSERT precipitate 

Lane 3: HEKrSERT precipitate



4.3 Discussion

The mammaHan serotonin transporter activity is controlled on many levels, with 

influences not only from exogenous sources by the many antagonists and agonists, but also 

endogenously by regulatory proteins, which act to phosphorylate and dephosphorylate the 

protein, thereby rendering it active or inactive. This Chapter explores the role that membrane 

cholesterol has at modulating the functional properties o f the rat serotonin transporter 

expressed stably in Human Embryonic Kidney (HEK 293) cell line. This study shows that this 

cell line expresses up to 6 ± 1 pmol/mg membrane protein when analysed for [^H]citalopram 

binding, with a Kd o f 1.55 ± 0.16 nM and a Hill coefficient o f 1.26 ± 0.12 and these values are 

in complete agreement with parameters already published by Schloss et al. (1995) for rSERT 

expressed stably in HEK29i cells.

In addition to saturable binding analysis with citalopram, [^H]5HT uptake into this 

stable rSERT expressing cell line was carried out. Uptake was seen to be fully saturable, with 

a Km o f 547 ± 10 nM and a Vmax o f 6.24 ± 0.29 pmol/well/min and again these values are in 

agreement with those already reported by Schloss et al. (1995). Western blot analysis of 

membrane preparations and cell lysates o f HEKrSERT using an antibody against the C- 

terminus o f the serotonin transporter, showed bands migrating in the regions 50-60 kDa and 

120-130 kDa. These bands are present in both cell lysate and membrane preparations. Bands 

present in this 50-60 kDa region are consistent with the full-length monomeric form o f the 

serotonin transporter and it is thought that the bands appearing at a higher mobility are due to 

either oligomerisation or aggregation o f monomers of the protein. Studies by Jess et al. (1996) 

examined the effects o f sulfhydryl oxidising agents and dimethyl suberimidate on the 

expression pattern o f rSERT in HEK29J cells using Western blotting analysis and results 

support an oligomeric structure for SERT. In addition, recent work by Kilic and Rudnick
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(2000) have reported that when co-expressed as functional myc and FLAG tagged SERT 

molecules, SERT can be co-immunoprecipitated as dimers o f FLAG and myc tagged proteins. 

Studies by Schimd et al. (2000) using CFP- and YFP-tagged human SERT expressed in HEK 

293 cells have shown that oligomers of hSERT visualized by fluorescence resonance energy 

transfer microscopy in living cells using two complementary methods, they being ratio 

imaging and donor photobleaching. They also found that the bulk o f serotonin transporters 

were recovered as high molecular weight complexes upon gel filtration in detergent solution. 

In contrast, the monomers o f CFP-hSERT and YFP-hSERT were essentially undetectable. 

Schmid et al. (2000) also reported a similar association for GABA transporter and Haugeto et 

al. (1996) reported formation o f dimeric and trimeric forms o f three glutamate transporters 

(GLAST, GLT and EAAC), indicating that perhaps constitutive oligomer formation might be 

a general property of Na(^)/Cl(')-dependent neurotransmitter transporters. Previously 

published data for overexpression of SERT in HeLa cells (Qian et al.,1995), Sf9 insect cells 

(Tate and Blakely, 1994) and indeed in this particular cell line (Schloss et al., 1995) have 

identified the serotonin transporter as migration in the regions o f 50-60 kDa and between 120 

and 205 kDa. The true native form o f the SERT continues to be a highly debated area of 

research.

As discussed in section 4.1, the roles that cholesterol and lipid rich domains play at 

modulating membrane proteins have become a contemporary area o f research. Lipids are no 

longer regarded as passive structural elements o f biological membranes, but as factors that 

influence the fianction of many membrane proteins. Cholesterol, an important member o f the 

sterol lipid family, is the precursor o f steroid hormones, such as gestagens and 

mineralocorticoids, being endogenously synthesised or supplemented by uptake from 

lipoproteins. In eukaryotic cells, about 65-90% of cellular, unesterfied cholesterol may reside 

in the plasma membrane (Gimpl et al., 2001). As discussed in section 4.1, the structure of

133



cholesterol consists o f a planar steroid nucleus with a 3p-hydroxyl group at one end and a 

fleixible hydrocarbon tail at the other. Cholesterol inserts into lipid bilayers with its long axis 

perpendicular to the plane o f the membrane and the polar hydroxyl group may interact with a 

carbonyl oxygen atom of a phospholipid head group. Cholesterol was originally thought to 

rigidify the fluid membrane by interacting with fatty acyl chains to inhibit formation o f kinks 

(Stockton and Smith, 1976), reducing passive permeability and increasing mechanical 

durability o f the bilayer. It was also postulated to facilitate post-golgi protein sorting by 

regulating the thickness o f the lipid bilayer (Bretscher et al., 1993). These functions have now 

been expanded to include a direct influence on membrane protein activity.

Pionering studies by Gimpl et al. (1995) and Klein et al. (1995) identified membrane 

cholesterol as an important and efficient modulator o f the activity o f the oxytocin receptor in 

native myometrial membranes and showed that reduced membrane-cholesterol content 

affected this G-coupled protein’s functionality once over-expressed in Sf9 insect cells. It was 

reported that this modulation by cholesterol reversibly affected the ligand binding affinity of 

the receptor for its natural ligand oxytocin and hypothesised that there is a direct interaction 

between membrane protein and cholesterol. This study was quickly followed by other reports, 

which also proved that cholesterol has a role to play not only in membrane functionality with 

regard to binding affinity, but also that cholesterol may aid in the process o f membrane protein 

processing. Investigations by Simons et al. (1998) into the formation of P-amyloid protein 

(AP) in hippocampal neurons demonstrated that reduction o f cellular cholesterol to 30% of 

control content by methyl-P-cyclodextrin and lovastatin, completely inhibited the production 

o f Ap. A recent paper by Pang et al. (1999) demonstrated a regulatory mechanism for the 

galanin receptor by cholesterol.
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Baker (1997) indicated that cholesterol may indeed modulate ligand binding to the rat 

serotonin transporter once over-expressed in Sf9 cells using the baculo-virus system. Specific 

binding of [^H]imipramine and [^H]paroxetine decreased when cholesterol was removed from 

Sf9 membranes, with a reduction in overall binding affinity o f the ligands for SERT. In 

addition, only partial or variable recovery o f lost binding upon re-incorporation of cholesterol 

into membranes could be achieved. The studies mentioned above prompted the investigation 

presented here, which examines whether or not cholesterol is an important modulator of 

rSERT stably expressed in HEK 293 cells.

The manipulation o f membrane cholesterol content in HEK 293 was carried out using 

a family o f compounds called cyclodextrins. These compounds are cyclic oligosaccharides and 

have a truncated core or torus structure with a hydrophilic exterior surface and a non-polar 

cavity, which is capable o f forming inclusion complexes with a variety o f hydrophobic, 

insoluble molecules (for review see Loftsson and Brewster; 1996 and Albers; 1995). There are 

many forms of cyclodextrins, each differing in the size o f the hydrophobic cavity and also on 

side group substitutions. Methyl-P-cyclodextrin has been shown in previous studies to 

complex cholesterol within its lipophilic cavity, rendering the sterol soluble (Pang et al., 1999; 

Gimpl et al., 1995). In this present study, it was found that methyl-P-cyclodextrin could 

successful deplete cholesterol from HEKrSERT membranes by up to 90%. HEK 293 cells 

were found to contain higher amounts than those reported by Pang et al. (1999) for CHO cells 

and lower amount of cholesterol than that determined for Sf9 cell membranes by Baker et al. 

(1997). a- and y-Cyclodextrin could not deplete YIEK293 membranes o f cholesterol and this is 

also in keeping with reports by Ohtani et al. (1989), who also showed that methyl-P- 

cyclodextrin has a high specificity for cholesterol. It is probable that the core size o f methyl- 

P-cyclodextrin is a suitable fit for the cholesterol molecules.
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Having shown that depletion o f membrane cholesterol is possible by incubation with 

methyl-P-cyclodextrin, the effect of cholesterol depletion on the uptake o f [^H]5HT in HEK 

293 stably expressing the rat serotonin transporter was evaluated. However, before this assay 

could be carried methyl-P-cyclodextrin was first tested for cytotoxic effects using MTT and 

LDH assays to determine a concentration range which was not detrimental to cell survival. It 

was found that concentrations of up to 10-12.5 mg/ml methyl-P-cyclodextrin do not produce 

cytotoxic effects in HEK 293 cells. Studies by Simons et al. (1998) report that the treatment of 

MDCK and BHK cells with a concentration of 11.50 mg/ml methyl-P-cyclodextrin did not 

induce cytotoxicity. Studies into cellular cholesterol depletion in rat hippocampal neuronal 

cells by Simons et al. (1998) used concentration o f 5.75 mg/ml methyl-P-cyclodextrin to 

remove cholesterol from the cells. Thus, it seems that this safe window for methyl-P- 

cyclodextrin treatment o f living cells (5-12 mg/ml) that does not induce cytotoxicity also holds 

true in the case o f HEK 293 cells.

HEKrSERT cells were treated with increasing concentrations of methyl-P- 

cyclodextrin. A concentration range o f 0-10 mg/ml methyl-p-cyclodextrin resulted in a dose- 

dependent depletion o f cholesterol, which was accompanied by a decrease in the specific 

uptake o f [^H]5HT into HEKrSERT cells, under non-toxic conditions. Saturation analysis of 

[^H]5HT uptake into cells treated with 10 mg/ml methyl-P-cyclodextrin, revealed a reduction 

in the maximal transport rate by about 25% and also an increase in the apparent Km for 

substrate, indicating a loss of affinity o f the transporter for serotonin. It could be postulated 

that these reductions in Vmax and affinity for the native substrate may be due to loss of 

cholesterol, which induces a non-optimal conformational state o f the protein molecule i.e. a 

reduction in the amount o f ftinctional transporter molecules capable o f binding agonist.
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suggesting that the transporter protein may unfold or denature when critical concentrations of 

cholesterol are depleted from cells.

Attempts to recover loss o f cholesterol and subsequent decreases in [^H]5HT transport 

affinity and maximal binding rates by treatment o f HEKrSERT cells with a complex of 

methyl-P-cyclodextrin-cholesterol were carried out. However, these proved unsuccessful due 

to cytotoxicity induced with a subsequent methyl-(5-cyclodextrin-cholesterol once cholesterol 

had been removed. The reason for this can only be speculated. Since cyclodextrin complexes 

work on the basis o f an equilibrium mechanism, whereby steroid flux between acceptor (i.e. 

cell membrane) and donor (i.e. methyl-P-cyclodextrin) is continuous, a further reduction of 

cholesterol could take place, lowering cholesterol content to a point which may be damaging 

to cell viability.

The effect o f cholesterol depletion on the binding o f [^H]citalopram to HEKrSERT 

membranes was also examined. The dose-dependent depletion in cholesterol content by 

methyl-P-cyclodextrin was mirrored by a dose-dependent depletion in the binding of 

citalopram to the membranes. Treatment o f membranes with a-cyclodextrin, a 6-membered 

polysaccharide ring and y-cyclodextrin, a larger 8-membered ring, failed to extract cholesterol 

from the HEKrSERT membranes and did not result in an alteration in the specific binding of 

[^HJcitalopram by the transporter or a lowering o f the cholesterol content o f the membranes. 

These results can be interpreted as evidence for the specificity o f cholesterol in the regulation 

o f transporter activity, demonstrated by the fact that only the P-form o f cyclodextrin 

successfiilly depleted membranes o f cholesterol with a concomitant loss o f antidepressant 

binding. Studies by Baker (1997) also demonstrated that cholesterol specifically depletes Sf9 

insect membranes expressing rSERT of cholesterol and concomitantly reduces the specific 

binding o f [^HJparoxetine and [^HJimipramine, a feature, which could not be demonstrated on
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treatment o f the membranes with y-cyclodextrin. It is interesting to note that Ohtani et al. 

(1989) reported that y-cyclodextrin has been observed to lower the phospholipid content of 

human erythrocytes. Phospholipids have been shown to affect the activity o f a number of 

proteins including Ca^^-ATPase pump o f sacroplasmic reticulum membranes (Lee, 1998).

Saturation binding studies o f [^H]citalopram to cholesterol-depleted HEKrSERT 

membranes were carried out in an attempt to evaluate the loss o f citalopram binding to SERT 

in terms o f binding affinity (K d) and alteration o f maximal binding sites (Bmax). The saturable 

binding o f [^H]citalopram to membranes which were depleted o f approximately 30% of 

membrane cholesterol resulted in an increase o f Kd to 4.3 ± 0.6 nM. This decrease in affinity 

for citalopram was not accompanied by an alteration in maximal binding sites (Bmax remained 

at 6 pmol/mg membrane protein). However, alteration o f cholesterol levels to less than 30% 

control cholesterol content using a higher concentration o f cyclodextrin (60 mg/ml) altered not 

only the apparent Kd value to 5.7 ± 0.1 nM, but also decreased the Bmax to 1.2 ± 0.2 pmol/mg 

membrane protein. These results in addition to the evidence posed by alteration in [^H]5HT 

uptake upon cholesterol reduction in these HEKrSERT cells, suggest that cholesterol has a 

significant influence on the structure o f the transporter. It seems that removal o f small 

amounts o f cholesterol alter the transporter to a form which is o f lower affinity for its substrate 

and ligand. It could be that somehow cholesterol is responsible for the maintenance of the 

protein in a conformationally favourable state for optimal transport and antidepressant 

binding. Previous studies by Baker (1997) demonstrated that alteration o f Kd values for 

[^HJparoxetine and [^H]imipramine binding also occur on reduction o f cholesterol in Sf9 

insect cell membranes expressing rSERT. Both ligands showed decreased affinity for Sf9 

rSERT membranes and in addition the Bmax was significantly lower in both cases.
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Similar changes in affinities have been observed for the galanin receptor, where also a 

reduction o f affinity is given by a threefold increase in the Kd value after cholesterol depletion 

(Pang et al., 1999). In this study, the cholesterol content o f CHO membranes expressing the 

galanin receptor was reduced to approximately 60% of control. This resulted in a decrease of 

affinity of the receptor for [^H]galanin from 350 nM to 930 nM. As is seen in the case o f the 

present study on HEKrSERT, this depletion o f low amounts of cholesterol was not 

accompanied by significant changes in Bmax, which remained at approximately 120 fmol/mg 

membrane protein.

Studies by Gimpl et al. (1995 and 1997) report reduction in the apparent affinity o f the 

oxytocin receptor in native myometrial membranes and heterologously expressed in HEK 293 

cells upon alteration o f cholesterol levels. Both cases showed that depletion o f cholesterol 

converts the receptor from a form o f high affinity for oxytocin to a lower affinity form, with 

no significant alteration in Bmax values.

Comparably, addition o f cholesterol to the human oxytocin receptor, heterologously 

expressed in insect Sf9 cells, which have constitutively lower cholesterol concentration, has 

been shown to induce high-affinity binding (Gimpl et al., 1997). These results indicate that 

there are membrane proteins whose conformational states are dependent on the direct 

interaction of cholesterol with the polypeptide. Also in the case o f SERT, it appears that both 

substrate and antagonist binding are o f a higher affinity when cholesterol is present. It could 

be cogitated that cholesterol offers some sort of structural support for the maintenance of this 

higher affinity form o f the serotonin transporter.

Investigation into the reversal o f these affinity changes in ligand binding caused by 

cholesterol depletion by reincorporation o f cholesterol back into the cholesterol depleted 

membranes was also performed for the galanin receptor (Pang et al., 1999) and the oxytocin 

receptor (Gimpl et al., 1995 and 1997). It was found in both cases that binding was fully
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reversible. In the case of the galanin receptor, the cholesterol content of CHO membranes was 

altered to a degree such that the change in Kd for the galanin was small i.e. increase of 3-fold. 

It could be predicted that the small changes in the Kd value would be reversible due to only 

small conformational changes o f the protein. Since the changes observed for binding affinity 

of [^H]citalopram to HEKrSERT depleted o f cholesterol were similar to those seen with the 

galanin receptor, it was investigated if the replacement o f membrane cholesterol in 

membranes, previously depleted of cholesterol, could similarly restore SERT binding activity. 

It was found that on depletion o f 30-60 % of cholesterol, complexes o f methyl-P-cyclodextrin- 

cholesterol could successfully replace lost cholesterol to values o f untreated membranes. 

Concomitantly, the lost specific binding of [^HJcitalopram could be fully restored. However, 

replacement o f initial depletion o f cholesterol above 80% did not recover binding. These 

results suggest that removal o f large amounts o f cholesterol drastically alter the 

conformational state o f the SERT molecule to a structure, which is either unstable or one 

whose structure is unfolded and distorted beyond rescue. A similar observation was made by 

Baker (1997) who also describes the recovery o f binding o f [^HJimipramine and 

[‘HJparoxetine to Sf9 membranes expressing rSERT as low when large amounts of cholesterol 

were depleted.

The present study is in contrast to the study by Gimpl et al. (1995) on the oxytocin 

receptor. The Kd for oxytocin binding to the oxytocin receptor was increased over 87 fold 

(from 1.5 nM to 131 nM) on cholesterol depletion and this change was fiilly reversible on 

restoration o f cholesterol levels to that o f control. This may suggest that the alteration in the 

conformation o f the oxytocin receptor caused by cholesterol depletion is far more stably 

reversible and less labile than that for SERT when large amounts o f cholesterol are extracted.

The role which membrane cholesterol plays at modulating membrane proteins may 

occur on a number o f levels. It has been suggested that cholesterol can directly interact with
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the membrane protein supporting its conformational status or modulating its activity within the 

membrane. It may also act in a biophysical capacity controlling membrane fluidity and 

rigidity, thus stabilising the membrane protein within the lipid bilayer. These functions of 

cholesterol have already been discussed in the introductory section o f this chapter. Studies by 

Gimpl et al. (1997) have shown using steady-state anisotropy measurements, that methyl-(3- 

cyclodextrin mediated cholesterol removal has a profound influence on membrane fluidity. 

This is not surprising since cholesterol is the main rigidifier in natural membranes (Bretscher 

and Munro, 1993). Therefore, in order to distinguish between the specific transporter- 

cholesterol interactions and the influence o f membrane fluidity on SERT fianctionality, a 

number o f approaches were taken to further characterise the modulation o f SERT activity by 

cholesterol.

The factors that influence membrane fluidity include the membrane content of 

cholesterol or a cholesterol analogue and modulators of membrane physical status. Cholesterol 

oxidase converts the accessible pool o f membrane cholesterol to 4-cholestene-3-one. 4- 

cholestene-3-one is very similar to cholesterol having a keto substitution for cholesterol’s 

3'OH group. In contrast to methyl-P-cyclodextrin, this enzyme does not remove cholesterol 

and thus little or no alteration in the physical state o f the membrane should occur. Gimpl et al. 

(1997) reported no significant anisotropy changes in HEK 293 plasma membranes on 

treatment with cholesterol oxidase. El Yandouzi and Le Grimellec (1992) and Gimpl et al. 

(2000) reported the poor conversion o f cholesterol to 4-cholesten-3-one when cholesterol 

oxidase was used alone in treatment o f membranes. It was concluded that the enzyme has poor 

accessibility to cholesterol located in the subdomains o f the plasma membrane. To overcome 

this problem, sphingomyelinase was added along with cholesterol oxidase to facilitate 

accessibility (El Yandouzi and Le Grimellec, 1992) and this approach too was used in the case
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o f the serotonin transporter. In this present study, exposure to increasing amounts of 

cholesterol oxidase showed a progressive decrease in specific binding o f citalopram to 

HEKrSERT membranes. Thus, the more cholesterol oxidised to 4-cholesten-3-one, the greater 

the attenuation of SERT binding function. To ensure the specificity of the reduction in specific 

binding due to the oxidation o f cholesterol to 4-cholesten-3-one, cholesterol oxidase was 

inactivated by heating. Treatment of HEKrSERT membranes with denatured enzyme had no 

effect on citalopram binding. Since the physical state o f the membrane remained constant with 

cholesterol oxidase treatment, the phenomenon seen here suggest specific structural elements 

in cholesterol are critical for its interaction with SERT. The effects o f cholesterol oxidase on 

membrane function have also been discussed in the studies o f Pang et al. (1999). They too 

showed that the oxidation o f cholesterol by cholesterol oxidase led to a significant reduction in 

galanin binding to the galanin receptor. Studies by Gimpl et al. (1997) examined the effects of 

cholesterol oxidase treatment o f the cholecystokinin and oxytocin receptors in an attempt to 

distinguish between specific cholesterol effects or fluidity influences. They discovered that 

although the removal o f cholesterol using methyl-p-cyclodextrin from HEK 293 membranes 

expressing the respective proteins, led to a significant reduction o f binding for respective 

ligands, treatment o f membranes with cholesterol oxidase gave contrasting results. It was 

found that the oxytocin binding to the oxytocin receptor was also reduced with cholesterol 

oxidase treatment, whereas the binding o f cholecystokinin to its respective receptor was 

strongly dependent on membrane fluidity. Cholesterol oxidase treatment had no significant 

effect on cholecystokinin binding.

To further assess the nature o f the specificity o f cholesterol on SERT, HEKrSERT 

membranes were treated with filipin and the subsequent effects on citalopram binding 

evaluated. Filipin is a polyene macrolide antibiotic shown to bind and sequester cholesterol 

into patches within membranes. This cholesterol binding fluorochrome is widely used for
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immunocytochemical localisation o f unesterified cholesterol pools. The sterol interaction with 

this antibiotic has no consensual model, however three main hypotheses have been proposed. 

It may be that (i) the antibiotic and cholesterol interact in a 1:1 stoichiometry forming large 

planar aggregates between two layers o f the membrane; or (ii) filipin associates with 

cholesterol in a 1:1 stoichiometry but at the membrane surface inducing structural disorder; or 

(iii) the interaction between the antibiotic and cholesterol is localised in the upper layer o f the 

membrane promoting the deformation o f the bilayer due to a surface pressure increase 

(Castanho et al., 1992). Whatever the mode of interaction between these two molecules, the 

overall distribution o f membrane cholesterol is altered. In contrast to treatment with methyl-P- 

cyclodextrin or cholesterol oxidase, cholesterol is neither removed nor chemically modified. 

Treatment o f HEKrSERT membranes with filipin markedly reduced the specific binding of 

[^H]citalopram to the transporter. This result lends further support for a modulatory role for 

cholesterol in SERT activity. Theses effects seen here are also consistent with those reported 

by Pang et al. (1999) for the galanin receptor, whose functional binding was also 

compromised on filipin treatment.

Ethanol is a well-known non-steroid membrane fluidity modulator. It is well 

established that ethanol can partition in among the lipids o f the bilayer and reduce the amount 

of order, or increase the fluidity, in biological membranes (Swann, 1987; Wood and 

Schroeder, 1988; People et al., 1996). The previously used treatment to test the dependence of 

the serotonin transport on cholesterol as opposed to its functional dependence on membrane 

biophysical status have all had direct membrane targets. It was decided that it would be 

worthwhile to investigate the effects o f ethanol on SERT functionality with regards citalopram 

binding. As was the case for the galanin receptor (Pang et al., 1999), no significant effects 

were observed on treatment o f SERT expressing membranes with ethanol treatment.
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In addition to determining that the effects o f cholesterol on the binding activity of 

SERT appear to be independent o f membrane fluidity, the specificity o f the effect on 

cholesterol structure was also investigated. This was performed by comparing the ability of 

other steroid-methyl-P-cyclodextrin complexes to rescue lost specific citalopram binding due 

to cholesterol depletion. Steroid exchanges were performed by first depleting the membranes 

o f cholesterol using methyl-P-cyclodextrin as acceptor and subsequently reloading them with 

sterols using steroid-methyl-P-cyclodextrin complexes as donors. The advantage o f this 

technique is that the steroid exchanges can be carried out very rapidly and in a highly 

controlled fashion. Recent publications demonstrate the potential o f this methodology for 

membrane and cell research (Klein et al., 1995; Gimpl et a l,  1995; Kildonsk et a l,  

1995;Yancey et al., 1996; Ohvo & Slotte, 1996; Neufeld et al., 1996; Pang et al., 1999). The 

rapidity o f this technique is advantageous over the use o f liposomes, which could have also 

been used in this study, however the incubation time needed for steroid exchange using 

liposomes is hours compared to minutes with methyl-P-cyclodextrin-complexes. This could be 

disadvantageous if  the functional activities o f highly proteolysis-sensitive proteins such as 

receptors and transporters have to be analysed. Moreover excess steroid donors can be easily 

washed off by centrifijgation, circumventing the need to separate donor and acceptor by 

chromatographic means, as it is necessary in the case o f liposome-mediated sterol exchange.

Incubation o f these complexes with the HEK 293 membranes would be expected to 

yield equilibrium between the complexed steroid and sterol incorporated into the membrane, 

as is observed for cholesterol. No significant recovery o f [^H]citalopram binding resulted 

when cholesterol-depleted membranes were treated with methyl-p-cyclodextrin complexes of 

ergosterol, pregnenolone and 5-cholestene. Ergosterol is the native sterol found in yeast 

membranes (Bottema, 1985) and differs slightly from cholesterol in that it possesses an
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additional double bond in the ring system and substitutes an extra methyl group on the side 

chain. The absence o f binding recovery seen using ergosterol may have implications for the 

expression of the serotonin transporter in a yeast system. This has already been attempted by 

Baker (1997) in a study, which concluded the expression o f a lower affinity form o f SERT in 

Pichia. It could be that cholesterol is a limiting factor in the expression o f a high affinity form 

o f the transporter. This is fiirther discussed in Chapter 3. The absence o f recovery o f binding 

seen with these cholesterol analogues implies a number o f things. These results suggest that 

cholesterol specifically modifies the fiinction o f the serotonin transporter by direct sterol- 

protein interaction and extend the observations o f Shouffani and Karmer (1990) who showed 

that addition o f small amounts o f cholesterol optimises GABA transporter reconstitution. The 

incorporation o f these analogues into the membranes restores fiilly or partially any o f the 

fluidity and rigidity lost due to cholesterol depletion. The failure to alter citalopram binding 

with these analogues fiirther enhances the theory that the effects observed are due specifically 

to cholesterol and not to an alteration o f membrane fluidity. It should also be considered that 

these steroids alter not only the fluidity o f the membrane but also a variety o f other properties 

such as thickness, curvature and dipole potential, which could influence protein function to a 

degree.

In addition to determining the effect of cholesterol depletion on SERT fiinctionality 

with regards 5HT uptake citalopram binding, the effect o f incorporation o f additional 

cholesterol into HEK 29S cells and HEK 293 membranes expressing rSERT was investigated. 

Using a complex o f methyl-P-cyclodextrin and cholesterol it was found that membrane 

cholesterol content could be increased up to 5-fold. However, [^H]citalopram binding did not 

appear to be affected by supplementing the cholesterol levels. [^H]5HT uptake into cells
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treated with methyl-P-cyclodextrin-cholesterol complex did not result in a stimulation of 

uptake in to HEKrSERT cells.

The present study demonstrates that cholesterol may have profound modulatory effects 

on ligand interaction and native transport function for SERT. The next question to explore of 

course is how exactly does cholesterol modulate membrane protein?

In recent years the research into to the modulatory role of cholesterol on membrane 

proteins has been vast. A number of mechanisms have been proposed and these mechanisms 

have been based on two main functions (reviewed by Yeagle et a i ,  1991 and Burger et al., 

2000). Cholesterol may act on the bulk physical properties o f the bilayer, increasing the 

orientational order o f the lipid hydrocarbon chains o f membranes and reducing the “free- 

volume” available to membrane proteins for conformational changes required for protein 

ftinction. In this role, cholesterol is likely to be inhibitory. In a second mechanisms, as has 

been demonstrated for many membrane proteins, cholesterol may bind directly to the 

membrane protein to modulate its activity or conformation. In this role, cholesterol may 

stimulate or inhibit membrane proteins. There is much evidence for a direct interaction of 

cholesterol with the NaVCl' ATPase pump, the oxytocin (Gimpl et al. 1995, 1997), nicotinic 

acetylcholine (Barrantes et al., 1996) and galanin (Pang et al., 1999) receptors have already 

been discussed. But what o f the interaction o f cholesterol with other members o f the NaVCl' - 

dependent neurotransmitter transporter family?

Studies by Shouffani et al. (1990) provided evidence for dependence o f cholesterol for 

the functional reconstitution o f the GAB A transporter (GAT). Studies used a mixture of 

asolectin to reconstitute this protein purified from rat brain. Different lipids were then tested 

for stimulation o f the transporter and it was found that brain lipids, the main component being 

cholesterol, could ftinctionally stimulate the protein. Additionally it was found when a range
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of sterols were tested for their capability to stimulate GAT, none o f them could replace 

cholesterol.

The importance o f cholesterol for SERT is also shown from studies on the modulation 

o f rat SERT expressed in Sf9 insect cells (Baker, 1997), and also from investigations 

focussing on the solubilisation, purification and reconstitution o f SERT. Successful 

solubilisation o f SERT has been carried out using digitonin and CHAPS (Ramamoorthy et al. 

1994; Graham et al. 1992; Talvenheimo et al. 1980; O ’Riordain, 1990). Digitonin and CHAPS 

both contain a steroid nucleus and it is well established that digitonin forms 1:1 complexes 

with cholesterol specifically and preferentially solubilises cholesterol-containing membranes 

(Windaus, 1909; Burger et al., 2000).

In addition to the suggestion from solubilisation studies o f the importance of 

cholesterol on the active conformation of SERT, a study by Launay et al. (1992) used ng 

quantities of a purified sulphydryl-dependent bacterial protein toxin called streptolysin O in 

order to solubilise whole platelets or plasma membrane platelet fractions. This protein targets 

mammalian cell membranes, causing complete disruption o f the bilayer structure. It is known 

that this toxin has a binding site for membrane cholesterol.

However the role that cholesterol plays with regards SERT may extend far beyond a 

structural support for the maintenance o f high affinity conformation o f the transporter. Recent 

research however has shown that the modulatory capacity o f cholesterol may be far more 

complicated than a simple binding o f cholesterol to the proteins within the membrane. The 

findings that cholesterol forms lipid rafts within the bilayer have demonstrated a complex 

uneven division o f cholesterol within the membrane. In fact it is now thought that cholesterol 

forms three domains, they being (i) a cholesterol poor-fast exchanging fluid phase where 

monomeric cholesterol is randomly distributed and migrates rapidly from one leaflet to the 

other, (ii) a less dynamic but still exchangeable cholesterol-rich fluid phase where cholesterol
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is present in both monolayers and alternates with phospholipid molecules and (iii) a very 

slowly or non-exchangeable nearly pure cholesterol domain. The evidence too that cholesterol 

is associated with other raft components such as caveolae increase the certainty that the 

hypothesis o f a direct cholesterol modulatory function is far more multifarious than a simple 

interaction. As was discussed in the introduction (section 4.1), the role that lipid rafts and 

caveolae play in membrane protein modulation is o f special interest. A very important feature 

o f these rafts is that they can specifically complex membrane proteins (Simons et al. 2000). It 

has recently been shown that lipid rafts and caveolae may be key components in the 

trafficking o f protein to and from the trans-Golgi network and the plasma membrane (Simons 

et al. 1997). It has also been shown that lipid rafts are associated with the exocytotic 

machinery proteins, the target soluble A^-ethylmaleimide-sensitive factor attachment protein 

receptor (tSNARE) proteins syntaxin lA, synaptosomal-associated protein o f 25 kDa (SNAP- 

25) and the vesicle SNARE vesicle-associated membrane protein (VAMP2) in neuroendocrine 

cells (Chamberlain et al., 2001). Studies by Geering et al. (2001) have shown an association of 

the Glycine transporter is associated with syntaxin 1 A. It therefore maybe postulated that these 

proteins may interact together within lipid rafts. Studies by Haase et al. (unpublished) have 

also shown a specific interaction of the rat serotonin transporter with syntaxin lA. It could 

therefore also be hypothesised that the SERT is held within rafts also, just as are these 

exocytotic proteins.

It was therefore considered o f interest as to whether or not SERT interacts with any of 

the raft accessory proteins. Since the most commonly associated protein is the cholesterol 

binding molecule caveolin, Western blot analysis using an antibody against the N-terminal of 

caveolin was performed on HEK293 membrane preparations and cell lysates to confirm the 

presence of this protein in this expression system. A co-immunoprecipitation pull-down assay 

for SERT and caveolin followed this. Co-immunoprecipitation o f SERT using anti-caveolin
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antibodies was found to be successful. However, attempts to immunoprecipitate caveolin 

using SERT antibodies failed. Although the resulting blot gave a number o f potential 

candidate bands, the background staining was quite high and specific localisation o f caveolin 

with certainty could not be determined. The reasons for this are unclear and could be many- 

fold. It maybe that a different procedure for preparation o f cell lysates is required. It is more 

likely however that the antibodies used for the immunoprecipitation o f SERT are not quite 

suited to these studies. Perhaps this study should be repeated using for example cell lysates 

prepared from a cell line expressing myc- or FLAG-tagged SERT. Myc and FLAG antipeptide 

antibodies have been very successfijlly used in immunoprecipitation studies by other groups 

(Kilic et a l ,  2000) and there are many good antibodies against these small peptides 

commercially available. However, despite the unsuccessful immunoprecipitation o f caveolin 

using SERT, the specific detection o f SERT after immunoprecipitation with anti-caveolin 

antibodies gives a promising indication that SERT may be associated with caveolin. If this is 

proven true, it could be then that the effects seen due to cholesterol depletion may be 

connected to raft disruption, which can result in internalisation o f membrane proteins. The 

exact mechanism for the internalisation of proteins by caveolin and rafts is unclear. It is 

known that caveolin can form oligomers and have potential phosphorylation sites. It could be 

envisaged that a signalling cascade is initiated that can result in the transfer o f the membrane 

protein to and from the plasma membrane and intemal sites.

To date, it remains unknown as to whether or not caveolin are expressed in neuronal 

cells and the studies reported are conflicting. Northern and Western blot analysis has failed to 

reveal the presence o f caveolin mRNA and protein, respectively, in brain tissue, as has been 

reported by several groups (Galbiati et al., 1998), however caveolin-1 and -2  have been 

demonstrated to be expressed in differentiating PC 12 cells and dorsal root ganglion neurons 

by mono-specific antibody probes (Galbiati et al., 1998). Further research is thus required to
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determine truly whether or not caveolin are expressed in the brain. It is known that another 

caveolae-resident protein called flotillin may also act in a similar capacity to caveolin. 

Flotillins have been localised to several tissues including the brain. Flotillin-1 has been shown 

to be cholesterol dependent, as was determined by means o f filipin staining (Lang et a l,  

1998). In addition, studies have shown that flotillin-1 and -2  are associated with the 

progression of Alzheimer’s pathology, being localised with development of senile plaque 

formation (Kokubo et al., 2000). It would o f interest too in the case o f SERT, to determine 

whether an interaction between flotillin and the transporter occur both in the heterologous 

HEK 293 expression system, or perhaps using a neuronal based SERT expressing system.

However, extensive ftirther studies are needed to confirm the exact role that cholesterol 

and indeed the potential role that cholesterol rafts and caveolae may play in SERT function. It 

must first be established whether or not cholesterol binds directly to the transporter. This could 

in theory be carried out using fluorescence studies. Alberts et al. (1996) provided evidence for 

a direct interaction o f the sterol with a site on the G-coupled protein rhodopsin. 

Cholestatrienol, a fluorescent sterol, was incorporated into rod outer segment disk membranes 

and fluorescence energy transfer from protein tryptophans to the fluorescent cholestatrienol 

monitored. The effect o f increasing membrane cholesterol on the ability o f cholestatrienol to 

quench tryptophan fluorescence was found to be inversely proportional to the membrane 

cholesterol content. Addition o f ergosterol as a replacement for cholesterol failed to show any 

competition with cholestatrienol, suggesting that a site on rhodopsin is specific for cholesterol. 

The same approach could perhaps be used with the serotonin transporter protein. However, a 

pure active source of protein is required. Alternatively, a photolabel probe such as that used by 

Corbin et al. (1998) could be used to label the site, which may bind cholesterol. This group 

used a novel photoreactive analogue o f cholesterol, 3-alpha-(4-azido-3-[’^^I]iodosalicyclic)- 

cholesterol to label both native acetylcholine receptor (AchR)-rich membranes from Torpedo
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californica and affinity purified Torpedo AChRs reconstituted into lipid vesicles. This was 

followed by tryptic digestion of the protein into fragments, separation by reverse-phase high- 

performance liquid chromatography and labelled peptides identified by amino-terminal 

sequence analysis. This in theory could be carried out on SERT. Additionally, the range of 

steroids tested for their ability to rescue reduced specific ligand binding by depleted 

cholesterol, could be extended to a range of other cholesterol analogues, so as to determine 

with certainty the side chain or reactive groups of cholesterol necessary and specific to 

restoration of the cholesterol-bound high affinity form.

As mentioned previously, the distribution of cholesterol within the membrane is not 

uniform. It seems that the segregation of the bilayer into cholesterol rich and poor regions may 

have an influence on membrane protein function. Recent experiments by Gimpl and 

Fahrenholz (2000) localised the G-coupled protein oxytocin receptor into cholesterol poor 

versus cholesterol-rich microdomains. The protein was tagged with an enhanced green 

fluorescent protein (EGFP) and isolation of the protein by detergent free fractionation 

techniques and subsequent quantification by fluorescence intensity of the EGFP-receptors 

showed 10-15% of the receptors in cholesterol-rich detergent-insoluble domains, where the 

high affinity form of the receptor was enriched two-fold. These high affinity receptors found 

in the cholesterol rich regions also displayed greater stability at 37°C when compared to high 

affinity receptors located in cholesterol poor regions.

A similar approach could easily be carried out for the serotonin transporter and it 

would be interesting to see if the affinity status of the protein may truly be dependent on 

cholesterol. It has already being suggested that the imipramine binding to SERT may occur 

with high and low affinity (Schloss and Betz, 1995) and it could be envisaged that perhaps 

cholesterol may play a role in this.
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In addition, it would be o f interest to analyse the interaction o f SERT, cholesterol 

microdomains and the exocytotoxic machinery. It has already been determined that the 

exocytotic machinery of some synaptic proteins are localised within lipid rafts. Our studies on 

the immunoprecipitation o f SERT and caveolin hint at an association o f the two proteins and it 

could be speculated that this interaction may also involve the trafficking o f the SERT 

molecule to and from the membranes using rafts. However, extensive studies using isolation 

o f lipid raft fractions (DRMs) and establishment of SERT presence and also careful analysis 

using confocal microscopy would aid in determining potential co-localisations.

What would the implications be for a lowering o f cholesterol in the in vivo 

environment o f SERT neurones? Whether sufficient fluctuations in plasma membrane 

cholesterol occur in vivo to affect 5HT uptake and anti-depressant potency is not known. Most 

o f the cholesterol for the CNS is synthesised there and circulating levels o f cholesterol are not 

thought to affect the total cholesterol content of the CNS, but the neuronal plasma membrane 

fraction has not been separately studied. It cannot be excluded therefore that central neurones 

may be affected the same way as erythrocytes and platelets, which show decreases in plasma 

membrane cholesterol when serum levels of cholesterol are lowered by pravastatin in 

hypercholesterolaemic patients (Lijen and Petrov, 1995). In the absence o f direct evidence, it 

can only be speculated whether the effect o f lowered membrane cholesterol on SERT 

described in this study contributes to the adverse changes in behaviour and mood reported 

with lowered serum cholesterol (Kaplan et al., 1997 and Morgan et al., 1993). It would 

therefore be interesting to repeat the current study’s methodology on a primary cell culture 

system expressing exclusively serotonergic neurons. The 1C 11, a murine derived neuronal cell 

line, which may be differentiated into either serotonergic or noradrenergic neurons (Mouillet 

et al., 2000) could be used for this and also the overall effects, if  any, o f cholesterol depletion 

on cellular signalling examined.
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In conclusion, this present study implicates the modulation of the functional properties 

o f the serotonin transporter by cholesterol. Moreover, it provides evidence that cholesterol 

appears to be capable o f modulating SERT fiinction by a highly specific interaction that is not 

based on the overall physical state of the plasma membrane. There appears to be a unique and 

stringent requirement for cholesterol for stabilising SERT in its ftilly active form and this is 

confirmed in structure-activity analysis with a variety of sterol analogues. Further studies 

should provide detailed information on the exact molecular mechanism governing the 

regulation o f SERT by cholesterol and perhaps lead to an insight in understanding the 

physiological role cholesterol may play in influencing SERT activity in vivo.
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Chapter 5 

Studies on the Heterogenic Pharmacology of Antidepressant Binding to the 

Mammalian Serotonin Transporter 

5.1 Introduction

The serotonin transporter has been shown to co-transport one Na”̂ and one Cl" ion 

with each 5HT molecule per transport cycle accompanied by the counter-transport o f one 

internal ion (Rudnick and Clarke, 1993). Two groups o f antidepressants, namely the 

tricyclic anti depressants (TCAs) and the selective serotonin reuptake inhibitors (SSRIs), 

target the transporter protein and bind with high affinity thereby preventing substrate 

translocation, but without being translocated themselves (see Figure 5.1). Though 

antidepressant drugs are potent inhibitors of both neuronal and platelet SERT, 

mechanistically their pharmacological effect is not well understood and the data available 

is controversial and conflicting.

5.1.1 Species differences between the serotonin transporters

The isolation of the rat, human and Drosophila serotonin transporter cDNAs 

(Hoffman et ah, 1991; Blakely et al., 1991, Mayser et al., 1991; Ramamoorthy et ah, 1993; 

Cory et a i, 1994) enabled further investigations in antidepressant/substrate binding to 

SERT on a molecular level by means of recombinant protein expression. Not only can 

expression o f a single SERT cDNA result in sodium-dependent and antidepressant- 

sensitive 5-HT transport, the use o f heterologous expression systems for SERT has allowed 

the comparison of transporter and antidepressant binding parameters o f recombinant SERT 

from different species at a molecular level. It is known that although there is quite a high 

sequence homology among mammalian SERT transporters, there are many differences 

particularly with regards sensitivities for TCAs and amphetamines. Human and rat SERTs
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Figure 5.1 Serotonin and SERT antidepressant ligands



have a 92% overall sequence homology (see Figure 5.2) and exhibit several pronounced 

pharmacological differences. TCAs have been shown to be more potent at the human 

compared to the rat serotonin transporter, whereas SSRIs and the native substrate 5-HT 

itself have been reported to show no significant species selectivity (Barker et al., 1994) and 

this is discussed further below in section 5.1.2.

The mouse serotonin transporter (mSERT) cDNA was identified by homology with 

the rSERT sequence (Chang et al., 1996). At the amino acid level, mSERT exhibits 

sequence homologies with its rat and human counterparts o f 97 and 94%, respectively, and 

heterologous expression in COS cells is characterised by Na^- and C1‘- dependent 5-HT 

transport with a pharmacological sensitivity to known inhibitors similar to that o f rSERT.

Even more pronounced species differences have been reported for the cloned 

Drosophila serotonin transporter (Corey et al., 1994b), exhibiting an unusual 

pharmacological profile, which is more similar to mammalian catecholamine transporters 

than to indoleamine transporters (Corey et al., 1994b; Demshyshyn et al., 1994). dSERT 

was found to be cocaine-sensitive, binding amphetamines with a similar sensitivity to the 

human and rat SERTs than to that o f NET and DAT, but sensitivity to antidepressants 

more closely resembles that o f noradrenaline and dopamine transporters. Hence, the 

pharmacological profile of the Drosophila serotonin transporter represents a mixture of 

those seen for the mammalian biogenic amine transporters.

5.1.2 Interaction of antidepressants with the serotonin transporter

Much time and effort has gone into attempts at elucidating the mechanistic mode of 

action o f antidepressants at SERT and extensive studies have been performed to determine 

their binding pocket on the SERT molecule. Pharmacological studies have shown the 

existence of distinct binding sites for antidepressants on the transporter protein, and 

complex interactions between these sites as well as with the substrate translocation site
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F^ure 5.2
Human and rat brain serotonin transporter amino acid sequences

Comparison ofhSERT and rSERT amino acid sequences show a homology of 92%.



have been proposed (Barker et a i, 1994; Biessen et al., 1988; Humphreys et al., 1988; 

Meyerson et al., 1987; O ’Riordan et al., 1990; Segonzac et al., 1985; Sette et al., 1983; 

Schloss and Betz, 1995). Furthermore, two different affinity states for binding of the 

prototypic TCA imipramine to SERT have been proposed by several groups (O’Riordan et 

al., 1990; Reith et al., 1983; Moret and Briley, 1986). These studies were performed on 

human platelet or animal synaptosomal preparations and partly conflicting findings could 

be explained by different 5-HT transporter isoforms, additional antidepressant binding 

proteins, proteolytic modifications and/or species differences. An unequivocal localisation 

of the different sites on the same transporter molecule was therefore not possible. It has 

been demonstrated that the selective 5-HT reuptake inhibitor paroxetine and cocaine bind 

to different sites on the SERT (Akunne et al., 1992).

A detailed study on the antidepressant pharmacology of the cloned rat SERT 

expressed in the HEK 293 cell line has been carried out by Schloss and Betz (1995). These 

studies have suggested the presence of two allosterically interacting binding sites on 

SERT; an antidepressant binding site (ABSl) which binds imipramine in a strictly Na^ 

dependent manner and a second site (ABS2) which binds imipramine with a five-fold 

lower affinity than ABSl in a Na^ independent fashion. Determination of this high-affmity 

site was established by direct [^HJimipramine binding analysis, while the low-affmity site 

was indirectly determined by the efficacy of unlabelled imipramine to displace 

[^HJcitalopram. Citalopram, a highly selective SSRI (Hyttel, 1994) was found to bind 

exclusively to ABS2. Both binding sites also bind the natural substrate 5-HT; however 

binding to ABS2 occurs with a lower affinity. Latter studies (Sur et al., 1998) also support 

this data and showed that antidepressant binding to ABS2 inhibits 5-HT transport in a 

competitive fashion; this site seems to therefore correspond to, or is closely related to, the 

substrate recognition site of SERT. Binding of imipramine to ABSl does not affect 5-HT
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transport, but protects 5-HT transport from inhibition by citalopram, suggesting that 

imipramine can functionally interact with two distinct sites on the rat SERT.

The exact molecular domain o f SERT targeted by antidepressants has long been an 

elusive goal of many researchers. Knowledge of SERT primary structure provides 

opportunities for probing structural determinants of SERT function and may contribute to a 

better understanding of ligand recognition and structure for all of the biogenic amine 

transporters. In this regard, conserved amino acid sequences are thought to be responsible 

for common properties among homologous structures whereas sequence differences can 

reveal areas responsible for unique properties of a protein. Mutagenesis and chimera 

studies with the catecholamine transporters, NET and DAT, have suggested that the major 

determinants of the various functions of these transporter proteins can be attributed to 

discrete domains of the protein structure (Kitayama et al., 1992; Kitayama et al., 1993; 

Buck et al., 1994; Buck et al., 1995; Giros et al., 1994). A useful strategy for identifying 

ligand-binding domains of G-protein coupled receptors and ion channels has been the 

exploitation o f species differences in antagonist potencies, in which cross-species chimeras 

and site-directed mutagenesis localise domains and residues critical for ligand interaction 

(Fond et al., 1992; Oksenberg et al., 1992; Hall et al., 1993). Previously such cross-species 

comparisons o f SERT demonstrated differences in tricyclic antidepressant and 

amphetamine potency between rat and human SERTs localised by chimera studies to 

carboxyl-terminal regions of the protein (Barker et al., 1994) to a domain distal from TMD 

11 (amino acid 531). Follow-up studies using site-directed mutagenesis identified a single 

amino acid in transmembrane domain XII responsible for the species selectivity o f the 

tricyclic antidepressants (Barker et al., 1996). More specifically, a single phenylalanine 

residue was identified as accountable for this effect (Barker et al., 1996). Additionally, 

Serine 545 of this domain was also found to control cation dependence o f the rat SERT
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(Sur et al., 1997a) and mutation o f this amino acid to alanine resulted in loss o f affinity for 

imipramine binding while not affecting citalopram binding.

Later studies by Barker et al.{\99S & 2001) using chimeras o f the distantly related 

human and Drosophila SERTs (overall homology of 49%) allowed for further insights into 

key structural domains for ligand recognition. These studies tracked the determinant of 

species-specific recognition o f the antagonists’ mazindol and citalopram to an aromatic 

residue located in the transmembrane domain I. It has also been argued that if  it holds true 

that transmembrane domain I is the site of substrate recognition and that transmembrane 

domain XII acts in the translocatory function, it may well be that these two domains lie in 

close proximity with each other.

5.1.3 Regulation of the serotonin transporter by antidepressants

As mentioned in Chapter 1, SSRIs and TCAs effectively block the serotonin 

transporter proteins thereby resulting in an increase o f the neurotransmitter concentration 

in the synaptic cleft. Although, the inhibition o f 5-HT uptake by antidepressants occurs 

rapidly and efficiently, the improvement o f mood however occurs only after a period of at 

least one week of antidepressant therapy. This finding suggests that it is not the inhibition 

of 5-HT uptake per se, but rather long term, adaptive changes, which may underlie, the 

therapeutic effect o f antidepressant compounds.

Several studies suggest that 5-HT autoreceptors, which negatively modulate Ca^^- 

dependent 5-HT release, are involved in such adaptive alterations. These studies include 

the observations that activation o f autoreceptors with 5HT1A and IB receptor agonists 

decreases the amount o f 5-HT released (Auerbach et al., 1995); acute treatment with SSRI 

decreases 5-HT neuronal firing, returning to enhanced levels after two weeks; acute SSRI 

administration produced only a small increases o f extracellular 5-HT, with long-term 

treatment causing six-fold increase o f synaptic 5-HT (Blier and de Montigny, 1994).
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Supporting the above suggestion, Artigas et a/. (1996) reported that pre-treatment with the 

selective somatodendritic 5-HTlA receptor agonist pinodolol inhibited the suppressing 

effect o f paroxetine on 5-HT firing of neurons of the dorsal raphe nuclei.

Studies on the down-regulation of neuronal SERT upon long-term blockage by 

antidepressants have also been described (Pineyro et a l ,  1994). After twenty-one days 

administration of paroxetine, followed by a two-day washout, the prolongation of the effect 

o f microiontophoretically applied 5-HT onto rat hippocampus pyramidal cells by 

paroxetine was significantly reduced compared to the two-day treatment. The long-term 

paroxetine treatment resulted in not only a 50-60% reduction in [^H]5-HT rate, but also a 

50% reduction of the SERT molecules. In the case of the studies described above, long 

term administration o f antidepressant causes not only apparent desensitisation of 5-HT 

autoreceptors, but adaptive alterations in SERT density and function in the hippocampus, 

cerebral cortex and raphe region.

However, these studies are contradicted by a recent study by Ramamoorthy and 

Blakely (1999) who used a HEK 293 stably expressing human SERT as a model system to 

study antidepressant inhibition o f SERT. It has been determined that phosphorylation of 

the SERT molecule by PKC suppresses its surface activity correlating with a loss of 

surface expressed SERT molecules (Ramamoorthy et al., 1998). However, PKC 

phosphorylation of SERT in transfected HEK 293 cells is substantially diminished if 

assayed in the presence of 5-HT. The same result was obtained when phosphorylation was 

induced by P-PMA with coapplication of 5-HT (Ramamoorthy and Blakely, 1999). It was 

postulated that if the actions of 5-HT on SERT phosphorylation arise as a consequence of 

transport, then an intrinsic homeostatic loop might be present to link transporter expression 

to extracellular amine availability, and coincubation with SERT agonist should block this 

effect. In the presence of the SSRIs citalopram and paroxetine, the ability of 5-HT to limit 

PKC-dependent phosphorylation is indeed blunted (Ramamoorthy et al., 1999). Since there
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are no known 5-HT autoreceptor subtypes on HEK 293 cells and 5-HT is not thought to 

induce acute changes in cyclic adenosine 5'-monophosphate, inositol triphosphate or 

intracellular Câ "̂  levels in these cells, it seems unlikely that 5-HT autoreceptors are 

involved. This is further supported by the fact that 5-HT receptors antagonists had no 

effect on 5-HT blockage o f PKC-dependent SERT phosphorylation. These results further 

hint that intrinsic SERT activity may govern the transporter’s phosphorylation.

Recent studies by Horschitz et al. (2001) using a HEK 293 cell line stably 

expressing the rat SERT examined the effects of long-term exposure of the cells to the 

SSRI citalopram at the protein level. Down-regulation of [^H]5-HT transport was revealed 

affecting the maximal transport rate, without affecting substrate affinity, accompanied by a 

decrease in ligand binding sites. Surface biotinylation studies demonstrated a reduction in 

cell surface transporters (Horschitz, personal communication). It could be envisaged in the 

case o f this study, that internalisation of the transporter is occurring, perhaps due to 

phosphorylation-related effects. Full recovery of transport function by “washout” was also 

reported in this study, suggesting that perhaps recycling o f transporter is occurring.

In addition to these reports, investigations into the long-term regulation of SERT 

mRNA by antidepressants have also been carried out. Lesch and co-workers (1993) and 

Benmansour et al. (1999) demonstrated that long-term administration of antidepressants 

significantly reduced SERT mRNA in rat brains. This effect was not observed upon 

treatment with monoamine oxidase inhibitors or 5-HT receptor agonists. Therefore, a 

reduction in the number of cell surface expressed proteins upon antidepressant treatment 

may also reflect adaptive regulation processes at the transcriptional level. On the other 

hand, regulatory processes at the post-transcriptional levels are associated with both short 

and long term modulation o f synaptic efficacy. In any case, control of transporter surface 

expression by external substrates represents a novel homeostatic mechanism that may 

serve in the neuron to fine-tune transport capacity to match demands imposed by
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fluctuating levels of neurotransmitter. Non-permeant ligands like antidepressants that 

prevent 5-HT permeation may have therapeutic utility in disease states, but also by 

allowing kinase-linked signalling pathways to shift the cellular distribution o f SERTs.

5.1.4 The use of radioligand binding assays as a means of elucidating intra- and 

inter-species pharmacological variations among proteins

In the absence o f crystal structure data, radioligand binding studies provide a useful 

tool in furthering structure-function studies on SERT while in its native conformational 

status. They are an invaluable method in determining the mode of action o f effective 

hgands, which may provide a pharmacological therapy against a broad spectrum of 

affective disorders relating to serotonergic dysfunction. Although the development of 

molecular biology techniques has given rise to a dramatic increase in the understanding of 

receptor structure, both with regard to functional areas, membership o f different receptor 

families and receptor localisation within the brain, radioligand-binding assays provide an 

alternative means of detecting and characterising intra- and inter-species variability.

Radioligand binding assays also provide a means of investigation into the allosteric 

modulation o f a receptor by means of altered radioligand dissociation in the presence of the 

allosteric modulator (reviewed by Kostenis and Mohr, 1996). Experimentally allosteric 

modulators may alter the equilibrium of radioligand binding by reducing its rate of 

association and affecting its dissociation.

5.1.5 Aims of the study

The present investigation aspires to elucidate the functional interaction o f two 

different antidepressants, they being the SSRI, citalopram, and the TCA, imipramine, with 

regards the human and rat forms o f the serotonin transporter. These antidepressants are 

highly selective for SERT binding with high affinity (Kd values are in nM range). As
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mentioned above, many groups have hinted at an allosteric interaction between imipramine 

and 5-HT binding sites (e.g. Wennogle et a l ,  1987) and indeed in the case of the rat SERT, 

Schloss and Betz (1995) have already demonstrated a model for citalopram and 

imipramine allosteric modulation. This study aims to highlight and compare intra- and 

interspecies variability with regards these ligands under several assay conditions and use 

the kinetic parameters obtained to model the ligand interactions and determine whether or 

not it supports models and data previously reported by other groups.

In the present study, HEK 293 cell lines stably expressing either the human or rat 

forms of SERT were used as the model systems for investigation of transporter protein 

interaction with antidepressants by means o f saturable binding studies in the absence and 

presence o f unlabelled competitors and association and dissociation kinetics.
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5.2 Results

5.2.1 Characterisation of the HEK 293 cell line stably expressing the human

serotonin transporter

The human serotonin transporter has been stably expressed in HEK 293 cells by Dr. 

Harald Sitte (University of Vienna) and before comparative studies into the pharmacology 

of the human and rat SERT could commence, the HEKhSERT cell line was first 

characterised for functional expression of human SERT. The [^H]5HT uptake into 

HEKhSERT was found to be concentration dependent and saturable (see representative 

experiment shown in Figure 5.3). The Km and Vmax values were determined as 0.79 ± 0.33 

|iM and 5.67 ± 0.33 pmol/well/min respectively (mean ± S.E.M. of three separate 

determinations).

In addition, radioligand binding of [^H]citalopram and [^H]imipramine to 

HEKhSERT membranes was performed. In the case o f [^HJcitalopram binding it was 

found that the binding was saturable. The data was fitted to an equation describing a 

rectangular hyperbola, using non-weighted, non-linear least square regression analysis and 

gave the following binding parameters: Bmax was 6.23 ± 0.38 pmol/mg membrane protein, 

the Kd was 2.32 ± 0.46 nM and the Hill coefficient was determined as 0.91 ± 0.08 (mean ± 

S.E.M. of three independent experiments). A representative experiment for [^H]citalopram 

binding is shown in Figure 5.4.

■j

[ H]imipramine binding to HEKhSERT membranes was also found to be saturable 

with a Kd value determined as 5.94 ± 1.30 nM and maximal binding density of 5.81 ± 0.29 

pmol/mg membrane protein. The Hill coefficient was 0.91 ± 0.08, respectively, (mean ± 

S.E.M. o f three in dependent determinations). A representative example of this experiment 

is shown in Figure 5.5.

To further verify that the human SERT is expressed in the plasma membrane of 

HEKhSERT, Western blot analysis was carried out on HEKhSERT membrane
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Figure 5.3 (A) and (B)

[^H]5HT uptake into HEK 293 ceils expressing tlie iiuman or rat serotonin

transporters

HEK 293 cells expressing either the human or rat forms of the serotonin 

transporter were grown to confluency in 24 well plates that had been previously 

coated with poly-Z-lysine. [^H]5HT uptake into cells was performed as described 

in methods section 2.17. Briefly, cells were incubated with various concentrations 

o f [^H]5HT in TBl medium (10 mM HEPES, pH 7.4, containing 120 mM NaCl, 

2 mM KCl, 1 mM CaCh and 1 mM MgCh) for a period of 6 min, followed by 

washing with ice-cold TBl and cells were lysed using SDS and [^H] counted as 

described in section 2.16. Each point is the mean ± S.E.M of quadruplicate wells 

and non-specific uptake was determined by [ H]5HT uptake into control HEK 

293 cells. Specific uptake was calculated by subtraction of non-specific uptake 

into HEK 293 cells from total uptake into HEKrSERT or HEKhSERT cells. 

Kinetic constants (Vmax and Km) were obtained by fitting the data by non

weighted, non-linear regression to an equation describing a rectangular 

hyperbola, using the computer program SigmaPlot. Lines represent the best fit 

and the data shown in the graphs opposite are representative of an experiment that 

was carried out at least three times with similar results obtained each time. 

Absence o f error bars indicates that errors were smaller than the size o f the 

symbol used. In this particular experiment, Vmax was 5.34 ± 0.25 and 6.18 ± 0.39 

pmol/well/min for HEKhSERT and HEKrSERT respectively. Km was determined 

to be 1.18 ± 0.13 and 1.18 ± 0.16 ^M for HEKhSERT and HEKrSERT 

respectively.
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Figure 5.4 (A) & (B)

[^H]CitaIoprain binding to HEK 293 cells expressing the human and rat forms of the

serotonin transporter

HEK 293 cells stably expressing the human or rat forms of the serotonin transporter was 

grown to confluency in 10 cm^ plates and cell membranes prepared according to the method of 

Schloss and Betz (1995) as described in section 2.12. The binding of [^H] citalopram (82 

Ci/mmol) to the membranes (15-25 |ig), in 10 mM HEPES, pH 7.4, containing 120 mM NaCl, 

2 mM KCl, 1 mM CaCb and 1 mM MgCh, in a volume of 200 |il was measured at room 

temperature as described in methods (section 2.15). Non-specific binding was determined in 

the presence of 50 j^M unlabelled citalopram. Specific binding was calculated as the 

difference between total and non-specific binding. Each point is the mean of triplicate 

determinations and error bars represent the S.E.M. Absence of error bars indicates errors were 

smaller than the size of the symbol. Kq and Bmax values were obtained by fitting the data to an 

equation describing a rectangular hyperbola including the Hill coefficient using the computer 

graphics program SigmaPlot. The lines represent the best fit. For the particular experiment 

shown opposite, Bmax values obtained were 5.23 ± 0.08 and 6.37 ± 0.40 pmol/mg membrane 

protein with Kd values of 2.11 ± 0.09 and 1.30 ± 0.26 nM for HEKhSERT and HEKrSERT 

respectively. The Hill coefficients calculated were 1.16 ± 0.04 and 1.01 ± 0.14 for human and 

rat SERT respectively.
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Figure 5.5

|^H]Imipramine binding to HEK 293 cells expressing the human and rat forms of the

serotonin transporter

HEK 293 cells stably expressing the human or rat forms o f the serotonin transporter was 

grown to con fluency in 10 cm plates and cell membranes prepared accordmg to the method 

o f Schloss and Betz (1995) as described in section 2.12. The binding o f [^H] imipramine (43 

Ci/mmol) to the membranes (15-25 ng), in 10 mM HEPES, pH 7.4, containing 120 mM NaCl, 

2 mM KCl, 1 mM CaCl2 and 1 mM MgCl2 , in a volume of 200 îl was measured at room 

temperature as described in methods 2.15. Non-specific binding was determined in the 

presence o f 50 )j,M unlabelled citalopram. Specific binding was calculated as the difference 

between total and non-specific binding. Each point is the mean o f triplicate determinations and 

error bars represent the S.E.M. Absence of error bars indicates errors were smaller than the 

size o f the symbol. Kd and Bmax values were obtained by fitting the data to an equation 

describing a rectangular hyperbola that incorporates the Hill coefficient using the computer 

graphics program Sigma Plot. The lines represent the best fit. In this particular experiment, 

Bmax values obtained were 6.11 ± 0.99 and 6.64 + 1.20 pmol/mg membranes protein for 

HEKhSERT and HEKrSERT. Kd values were determined as 4.65 ± 2.40 and 8.09+ 1.84 nM 

for human and rat SERT, respectively, with Hill coefficients o f 0.83 ± 0.20 and 0.99 ± 0.22, 

respectively, for HEKhSERT and HEKrSERT.
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1 2 3

120-130 kD

50-60 kD

Figure 5.6

Western blot of HEK 293 membranes stably expressing the rat and human forms of the 

serotonin transporter with anti-SERT C-terminal antibody

HEK 293 cells stably expressing the rat or human forms of the serotonin transporter and 

control HEK295 cells were grown to confluency in 10 cm dishes and cell membranes prepared 

as described in section 2.10. and 2.12. The membranes (40 fig HEK293 and 40 \xg HEKrSERT 

and HEKhSERT) were subjected to SDS-PAGE (using a 9% resolving gel) and Western 

blotted for SERT using an anti-SERT antibody targeted against the C-terminal portion of the 

protein (see sections 2.27 and 2.28 for detailed description of these procedures).

Lane 1: HEKhSERT membranes (40 |ag)

Lane 2: HEKrSERT membranes (40 |ig)

Lane 3: HEK 293 membranes (45 ^g)



preparations, using an anti-SERT antibody targeting the C-terminal end of the transporter. 

2 forms of the transporter appear to be expressed with bands running with the 50-60 kDa 

and 120-130 kDa markers, suggesting the presence of the monomeric and higher 

aggregated forms respectively (Figure 5.6).

Also shown in Figures 5.3(B) - 5.6(B) is [^H]5HT uptake, [^HJcitalopram and 

[ HJimipramine binding and Western blot analysis for the stable HEK cell line expressing 

rat SERT. The characterisation of this cell line with regards uptake, citalopram binding and 

Western blotting has already been discussed in Chapter 4. However, additional examples 

of these phenomena are shown as comparisons to human SERT. [^HJimipramine binding to 

the HEKrSERT membranes has not been discussed before and it can be seen from the 

representative experiment in Figure 5.5 (B) the binding is saturable. Bmax and Kd values of 

5.91 ± 0.20 pmol/mg membrane protein and 11.17 ± 1.70 nM respectively, with a Hill 

coefficient of 1.12 ± 0.22 were determined (mean ± S.E.M. of three independent 

determinations).

5.2.2 The absence of ions abolishes high-affinity saturable |^H]imipramine 

binding to HEKhSERT and HEKrSERT membranes, while decreasing the 

affinity of [^H]citalopram for HEKhSERT and HEKrSERT membranes

It has already been well established that for the mammalian serotonin transporter

anti-depressant binding is sodium-dependent. It was decided to confirm this for the rat and

human SERT expressed in HEK 293 cells. Binding of [^HJcitalopram and [^HJimipramine

to membrane preparations of HEKhSERT and HEKrSERT (Figure 5.7 and 5.8,

respectively) was carried out in the usual binding buffer in which NaCl was replaced by

LiCl (at a concentration of 120 mM) as a source of Li^ ions.

Analysis of the data obtained showed that for [^HJcitalopram binding in the

presence of Li^ to both HEKhSERT and HEKrSERT there was an increase in the Kd

values for binding, while the Bmax values remained unchanged when compared to controls
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Figure 5.7 (A) & (B)

[^H]Citalopram binding to HEKhSERT and HEKrSERT membranes in the absence of

Na"̂  ions increases Kd values but not Bmax

HEK 293 cells stably expressing the human or rat forms of the serotonin transporter were 

grown to confluency in 10 cm^ plates and cell membranes prepared according to the method of 

Schloss and Betz (1995) as described in section 2.12. The binding o f [^H] citalopram (82 

Ci/mmol; various concentrations) to the membranes (15-25 ^.g), in Lithium-based buffer 

containing 10 mM HEPES, pH 7.4, 120 mM LiCl, 2 mM KCl, 1 mM CaCl2 and 1 mM MgC^), 

in a volume of 200 ^1 was measured at room temperature as described in methods (section 

2.15 & 2.16). Non-specific binding was determined in the presence of 50 unlabelled 

citalopram. Specific binding was calculated as the difference between total and non-specific 

binding. Kd and Bmax values were obtained by fitting the data to an equation describing a 

rectangular hyperbola using the computer graphics programme GraphPad. The lines represent 

the best fit.

Figure 5.7 (A) & (B) shows saturation curves for [^H]citalopram binding carried out in 

the presence of Li^ ions for the human and rat forms of SERT, respectively. Analysis was 

performed using the graph program GraphPad Prism. For this particular experiment, Bmax was 

found to be 5.91 ± 0.81 and 5.73 ±0.70 pmol/mg membrane protein for HEKrSERT and 

HEKhSERT, respectively. Kd was recorded as 7.89 ± 2.13 and 8.68 ± 1.55 nM for rat and 

human SERT, respectively. The data shown is the mean ± S.E.M of triplicate samples and is 

representative o f an experiment that was performed twice with similar results obtained in each 

case.
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Figure 5.8 (A) & (B)

The absence of Na"̂  ions abolishes high-affinity pH]imipramine binding to HEKhSERT

and HEKrSERT membranes

HEK 293 cells stably expressing the human or rat forms o f the serotonin transporter were 

grown to confluency in 10 cm^ plates and cell membranes prepared according to the method of 

Schloss et al. (1995) as described in section 2.12. The binding of [^H]imipramine (43 

Ci/mmol; various concentrations) to the membranes (30-50 |o.g), in Lithium based buffer (10 

mM HEPES, pH 7.4, containing 120 mM LiCl, 2 mM KCl, 1 mM CaCh and 1 mM MgCb), in 

a volume o f 200 (il was measured at room temperature as described in methods (2.15 and 

2.16). Non-specific binding was determined in the presence o f 50 |^M unlabelled citalopram. 

Specific binding was calculated as the difference between total and nonspecific binding.

A representative graph for [^H]imipramine binding in the presence of Li^ ions to the 

human and rat SERT is shown in the Figure opposite and each point is the mean o f triplicate 

determinations and error bars represent the S.E.M. Absence o f error bars indicates errors were 

smaller than the size o f the symbol. Analysis was performed using the graph program 

GraphPad Prism and the lines represent the best fit. Determination of the binding parameters 

Kd and Bmax was not possible as the specific binding was found not to be saturable. The 

experiment shown opposite is representative o f an experiment that was performed twice with 

similar results obtained in each case.
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(shown in Figure 5.4 (A) and (B)). Bmax values recorded for citalopram binding in the 

presence of Li”̂ were 5.61 ± 0.84 and 5.73 ± 0.70 pmol/mg membrane protein for 

HEKhSERT and HEKrSERT membranes respectively. Kd values o f 7.89 ±2.13 and 8.74 ± 

0.31 nM for the human and rat SERT membranes respectively were also calculated. These 

values are the mean ± S.E.M. o f three independent determinations. When compared to Kd 

values in the presence of Na^, this is a three-fold decrease in affinity for the human SERT

•j

and a five-fold decrease in affinity o f [ HJcitalopram for the rat SERT.

[^HJimipramine binding carried out in the presence of Li^ ions to HEKhSERT and 

HEKrSERT membranes showed that binding was non-saturable and thus, prevented the 

accurate determination o f Bmax and Kd values (see Figure 5.8). The specific binding to the 

membranes was generally much lower than in the presence o f Na^.

These results are summarised in Table 5.1.

5.2.3 Effect of temperature on [^H]citalopram and [^H]imipramine binding to

HEKhSERT and HEKrSERT membranes shows some differences

[^H]citalopram and [^HJimipramine binding to HEKhSERT and HEKrSERT 

membrane preparations was measured at room temperature and on ice and Figures 5.9 and 

5.10, describe the saturable binding at these two temperatures. These experiments were 

carried out in the presence o f 120 mM Na^. Equilibrium binding at room temperature 

occurred over a period o f one hour, whereas binding on ice was left to equilibrate for at 

least three hours, so as to ensure that steady-state equilibrium was achieved.

[^HJcitalopram binding on ice revealed a 3 - 5 fold increase in the Kd values for 

both HEKhSERT and HEKrSERT compared to these values at room temperature. Kd 

values for human and rat SERT on ice were determined to be 5.84 ± 0.45 and 5.63 ± 2.72 

nM for HEKhSERT and HEKrSERT respectively, compared to 2.20 ± 0.39 and 1.14 ±
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Ligand + Species

Bmax
pmol/mg membrane protein

Kd
nM

+ Na"̂ -N a^ + Na^ - Na"̂

[^H]citalopram + 
HEKhSERT

6.23 ± 0 .38 5.61 ± 0 .8 4 2.32 ± 0.46 7.89 ±2.13

[^H]citalopram + 
HEKrSERT

6.26 ± 0 .17 5.73 ± 0 .70 1.55 ± 0 .16 8.74 ±0.31

[^H]imipramine + 
HEKhSERT

5.81 ± 0 .29 *N.D 5.94 ± 1.30 *N.D

[^H]imipramine + 
HEKrSERT

5.91 ± 0 .2 0 *N.D 11.17± 1.70 *N.D

* Not determinable due to non-saturable binding

Table 5.1

Comparison of B„iax and Kd values for [^H]citalopram and [^H]imipramine binding to 

HEKhSERT and HEKrSERT membranes in the presence and absence of Na^ ions

■} ”3

Radioligand binding o f  [ Hjcitalopram and [ HJimipramine to membrane preparations o f 

HEKhSERT and HEKrSERT was carried out in 10 mM HEPES buffer (containing, 2 mM 

KCl, 1 mM CaCl2 and 1 mM MgCU) in the presence o f  120 mM NaCl or 120 mM LiCl as 

described in section 2.15 and 2.16. Data was fitted to an equation describing a rectangular 

hyperbola using the computer graphics program GraphPad and the binding parameters Bmax 

and Kd recorded. The above Table summarises the values obtained for these parameters 

and are the mean ± S.E.M. o f  three experiments, each with triplicate sampling, which 

yielded similar results in each case.



Figure 5.9

Temperature increases Kd values for [^H]citalopram binding to HEKhSERT and

HEKrSERT membranes

Membranes were prepared from HEK 293 cells stably expressing the rat or human forms 

of the serotonin transporter as described in section 2.12. Saturable [3H]citalopram binding 

(specific activity 82 Ci/mmol; various concentrations) was carried out to the membranes 

(20 |j,g) at room temperature and on ice in 10 mM HEPES buffer, pH 7.4, containing 120 

mM NaCl, 2mM KCl, 1 mM MgCla and 1 mM CaCh in a volume of 200 |j,l. Samples at 

room temperature were allowed to reach equilibrium binding for 1 h, before rapid filtration 

onto GF/C filters, while sample incubating on ice were allowed to equilibrate for at least 2- 

3 hours before washing and filtration. Non-specific binding was determined in the presence 

o f unlabelled citalopram (50 |xM). Specific binding was calculated as the difference 

between total and non-specific binding.

K d and Bmax values were obtained by fitting the data to an equation describing a 

rectangular hyperbola, which includes the Hill coefficient, using the graphics program 

GraphPad Prism. The lines represent the best fit. In the experiments shown opposite, Bmax 

values for room temperature binding for human and rat SERT were recorded as 6.76 ± 0.27 

and 5.37 ± 0.17 pmol/mg membrane protein respectively, with Kd values o f 3.04 ± 0.36 

and 1.09 ± 0.12 nM for HEKhSERT and HEKrSERT, respectively. In the case o f binding 

carried out on ice, Bmax was found to be 6.02 ± 0.61 and 5.97 ± 0.74 pmol/mg membrane 

protein for HEKhSERT and HEKrSERT respectively. Increases of Kd values are seen on 

ice with values o f 5.91 ± 0.41 and 7.33 ± 2.00 nM recorded for human and rat SERT, 

respectively. Each point is the mean ± S.E.M. of triplicate determinations and the data 

shown is representative o f an experiment that had been performed three times with similar 

results obtained in each case.
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Figure 5.10

Temperature affects Kp values for [^H]imipraniine binding to HEKhSERT and

HEKrSERT membranes differently

Membranes were prepared from HEK 29S cells stably expressing the rat and human forms 

o f the serotonin transporter as described in section 2.12. Saturable [^HJimipramine binding 

(specific activity 43 Ci/mmol; various concentrations) was carried out to the membranes 

(40 fig) at room temperature and on ice in 10 mM HEPES buffer, containing 120 mM 

NaCl, 2mM KCl, 1 mM MgCh and 1 mM CaC^ in a volume of 200 f̂ l. Samples at room 

temperature were allowed to reach equilibrium binding for 1 h, before rapid filtration onto 

GF/C filters, while sample incubating on ice were allowed to equilibrate for at least 2-3 h 

before washing and filtration. Non-specific binding was determined in the presence of 

unlabelled citalopram (50 |aM). Specific binding was calculated as the difference between 

total and non-specific binding.

Kd and Bmax values were obtained by fitting the data to an equation describing a 

rectangular hyperbola which includes the Hill coefficient using the graph plotting program 

GraphPad Prism. The lines represent the best fit. In the experiments shown opposite, Bmax 

values for room temperature binding to human and rat SERT were recorded as 6.27 ± 0.54 

and 5.50 ± 0.85 pmol/mg membrane protein respectively, with Kd values of 7.03 ± 1.76 

and 10.69 ± 4.42 nM for HEKhSERT and HEKrSERT respectively. In the case of binding 

carried out on ice, Bmax was found to be 6.13 ± 1.70 and 6.99 ± 0.25 pmol/mg membrane 

protein for HEKhSERT and HEKrSERT, respectively. Kd value for imipramine binding to 

HEKhSERT on ice increases to 32.57 ± 14.55, while binding on ice to HEKrSERT gives a 

reduced Kd value of 1.62 ± 0.26. Each point is the mean ± S.E.M. of triplicate 

determinations and the data shown is representative of an experiment that had been 

performed twice with similar results obtained in each case
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0.20 nM for [^HJcitalopram binding at room temperature (mean ± S.E.M. o f three separate 

determinations). No significant change in Bmax values was found for both species of SERT.

[^Hjimipramine binding to membranes at room temperature and on ice revealed 

differences for the human and rat SERT. It was found that the Kd value for imipramine 

binding to HEKhSERT on ice was approximately four-fold higher than that determined for 

binding at room temperature. Kp values increased from 7.03 ± 0.10 to 28.43 ± 4.14 nM. A 

slight decrease in Bmax (less than 11%) was found for binding on ice compared to room 

temperature. These values represent the mean ± S.E.M. of three independent 

determinations and Figure 5.10 (A) describes a typical experiment.

In the case of the HEKrSERT, it was found that the effects of reduced temperature 

conversely affect the [^H] imipramine affinity for the transporter when compared to the 

human SERT. While Bmax values remained unchanged, Kd values decreased from 11.71 ± 

1.79 nM at room temperature to 3.18 ± 0.79 nM for binding on ice, revealing a three-fold 

difference in affinity (mean ± S.E.M. of three independent determinations). Figure 5.10 (B) 

shows a representative experiment for this data.

These results are summarised in Table 5.2.

5.2.4 Heterogeneity of antidepressant binding sites
■5

The inhibitory effects of imipramine on [ HJcitalopram binding and the effect of 

citalopram on [^H]imipramine at room temperature on the human and rat forms of the 

serotonin transporter were investigated. Competition by 10 nM imipramine, reduced the 

affinity o f [^HJcitalopram for HEKhSERT, without significantly altering the Bmax value. 

Increasing the concentration of unlabelled imipramine to 50 nM, also decreased the 

number o f maximal binding sites, without further increasing the Kd value significantly 

(Figure 5.11(A) & 5.12 (A)).
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Species + Ligand

Room Temperature
(average 21-23°C)

Ice
(0-4°C)

® m ax
pmol/membrane

protein

Kd
nM

B m a x
pmol/membrane

protein

Kd
nM

[^H]citalopram + 
HEKhSERT

6.06 ± 0.74 2.20 ± 0.39 5.74 ± 0 .72 5.84 ±0.45

[^H]citalopram + 
HEKrSERT

5.83 ±0.05 1.14 ± 0 .20 6.05 ± 0 .88 5.63 ± 2 .72

[^H]imipramine + 
HEKhSERT

5.69 ±0.41 7.03 ±0.01 3.94 ± 1.67 28.43 ± 4 .14

[^H]imipramine + 
HEKrSERT

6.11 ± 0 .34 11.71 ± 1.79 6.12 ±0 .35 3.18 ± 0 .79

Table 5.2

Temperature effects for [^H]citaIopram and [^H]imiprainine binding to HEKhSERT
and HEKrSERT membranes

HEKhSERT and HEKrSERT membranes were prepared as described in section 2.18 and
■5 -j

subjected to [ Hjcitalopram and [ HJimipramine binding at room temperature and on ice in 

10 mM HEPES buffer containing 120 mM NaCl, 1 mM M gCl2 , 1 mM CaCl2 and 1 mM 

KCl as was described in section 2.15 and 2.16. Data was fitted to an equation describing a 

rectangular hyperbola using the computer graphics program GraphPad and the binding 

parameters Bmax and Kd recorded. The above Table summarises the values obtained for 

these parameters and are the mean ± S.E.M. o f  three experiments each with triplicate 

sampling and giving similar results in each case.



Figure 5.11

Imipramine has a complex inhibitory effect on [^H]citalopram binding to rat SERT, but 

a simple competitive pattern on human SERT

Saturable binding of [^HJcitalopram (82 Ci/mmol; various concentrations) to HEKhSERT and 

HEKrSERT membranes in the presence of unlabelled imipramine (10 and 50 nM) was carried 

out as described in methods (section 2.15 & 2.16). Non-specific binding was determined in the 

presence o f unlabelled citalopram (50 |j.M). The data shown on the opposite page is 

representative of an experiment repeated twice, and each data point represent the mean ± 

S.E.M. of triplicate determinations. Absence of error bars indicates the errors were smaller 

than the size of the symbol used. Kd and Bmax values were obtained by fitting the data to an 

equation describing a rectangular hyperbola using the graph program SigmaPlot.

For HEKhSERT membranes, shown in Figure 5.11(A), Bmax values of 6.11 ± 0.06, 

7.01 ± 0.77 and 3.43 ± 0.05 pmol/mg membrane protein for 0, 10 or 50 nM unlabelled 

imipramine, respectively, were determined. Kq values were determined as 2.18 ± 0.15, 13.08 

± 2.02, 19.71 ± 4.06 nM for 0, 10 or 50 nM imipramine, respectively.

[^HJcitalopram binding to HEKrSERT membranes at 0, 10 or 50 nM imipramine gave 

Bmax values of 6.40 ± 0.17, 5.39 ± 0.27 and 4.47 ± 0.53 pmol/mg membrane protein, 

respectively. Kq values were determined as 1.04 ± 0.09, 1.52 ± 0.24 and 2.48 ± 0.77 nM for 0, 

10 or 50 nM imipramine, respectively. This is represented in Figure 5.11 (B).
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Figure 5.12

Scatchard analysis shows that imipramine has a complex inhibitory effect on 

[^H]citaloprani binding to HEKrSERT membranes, but exerts a simple competitive

pattern on HEKhSERT membranes

The data from Figure 5.11 for [^H]citalopram to H EK hSERT and H EK rSERT m em branes 

was subjected to Scatchard analysis. Figure 5.12(A) clearly shows that for H EK hSER T 

m em branes, at low concentrations o f  im ipram ine (10 nM), the effects on [^H]citalopram 

binding are purely com petitive affecting the affinity o f  binding. On increasing the 

concentration o f  unlabelled imipramine to 50 nM, there are only com petitive effects seen 

with the change in K d, but no significant change in Bmax is observed.

The Scatchard plot for the binding o f  [^H]citalopram to H EKrSERT m em branes 

shows that at low concentrations o f  im ipram ine (10 nM ) the effect is solely on Bmax, while 

on increasing the im ipram ine concentration to 50 nM , the effect on radioligand binding 

becomes purely com petitive altering the Kd value 4-fold.This graph is represented in 

Figure 5.12(B).

The bound versus free ligand data was fitted by linear regression using the program 

SigmaPlot. The data shown is the m ean ± S.E.M . for triplicate determ inations and is 

representative o f  an experim ent that was carried out tw ice with sim ilar results obtained in 

each case.
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Figure 5.12(A) Human SERT
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[^HJcitalopram binding to HEKrSERT in the presence o f unlabelled imipramine (10 

nM) reduced the Bmax value by 12.02 ± 3.78% without affecting the apparent K d within 

error showing a pattern o f non-competitive inhibition pattern. At 50 nM unlabelled 

imipramine, no further reduction in Bmax was found, however the Kd value was seen to 

increase approximately 4-fold. This points to an additional competitive effect by 

imipramine on [^HJcitalopram binding (Figure 5.11(B) & 5.12(B))

When [^H] imipramine binding to HEKhSERT membranes was carried out in the 

presence o f citalopram, it was noted that higher amounts o f citalopram affected the 

radioligand affinity, while the Bmax values within error remained constant, indicating a pure 

competitive inhibitory mechanism (Figure 5.13(A) & 5.14(A)).

In the case o f [^H]imipramine binding to HEKrSERT in the presence o f citalopram, 

different results were obtained. It was found that higher amounts o f citalopram caused only 

an reduction in Bmax values without affecting the Kd values, thus suggesting that 

citalopram inhibits on [^H] imipramine binding essentially as a tight-binding inhibitor 

(Figure 5.13(B) & 5.14(B)).

The above results are summarised in Table 5.3.

5.2.5 Association kinetics of [^H] citalopram binding to HEKhSERT and 

HEKrSERT membranes appears to be monophasic in character

Determination o f the association rate for [^HJcitalopram binding to HEKhSERT

and HEKrSERT was carried out as described in section 2.44 When analysed the data for

both HEKhSERT and HEKrSERT was found to be best-fitted to an equation describing a

pseudo first-order association reaction (Figures 5.15 & 5.16, respectively). There was no

difference within error in the observed association rates for HEKhSERT and HEKrSERT

[^HJcitalopram binding with kobs rates o f 0.41 ± 0.09 and 0.29 ± 0.04 min"', respectively.

t'A values were calculated as 1.80 ± 0.31 min for HEKhSERT and 2.45 ± 0.40 min for

HEKrSERT. These values are the mean ± S.E.M. o f  three separate determinations. The kobs
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HEKhSERT HEKrSERT

[ H] ligand + competitor Bmax
Pmol/membrane protein

Kd
nM

Bmax
Pmol/membrane protein

Kd
nM

[^H]imipramine control 6.03±0.15 3.29±0.36 5.7110.35 10.5613.01

[^HJimipramine
+

5 or 2 nM cit 6.06±0.28 8.25+1.46 4.6810.86 18.0816.92

citalopram
10 or 4 nM cit 6.48±0.14 16.81±1.58 2.9111.31 29.68123.17

[^H]citalopram control 6.0610.05 1.52±0.15 6.2410.17 1.2710.18

[^H]citalopram
+

10 nM Imi 6.47± 0.55 13.30±2.04 5.4910.32 1.5710.29

imipramme
50 nM Imi 3.51±0.10 17.5414.77 4.5911.07 4.53+1.80

Table 5.3
Inhibition studies for [^H]citalopram and [^H]imipramine binding to HEKhSERT and HEKrSERT membranes

[^HJcitalopram and [^H]imipramine binding at room temperature in the presence and absence o f unlabelled competitor was carried out as was 
described in section 2.15 and 2.16. Data was fitted to an equation describing a rectangular hyperbola using the computer graphics program SigmaPlot 
and the binding parameters Bmax and Kd recorded. The above table summaries the values obtained for these parameters and are the mean ± S.E.M. of 
three experiments each with triplicate sampling and giving similar results in each case.



Figure 5.13

Citalopram is a purely competitive inhibitor of [^H]imipramine binding to 

HEKhSERT but shows a non-competitive inhibition pattern for HEKrSERT

Saturable binding of [^H]imipramine (43 Ci/mmol; various concentrations) to HEKhSERT 

and HEKrSERT membranes in the presence of unlabelled citalopram (5 & 10 nM for 

HEKhSERT and 2 and 4 nM for HEKrSERT) was carried out as described in methods 

(sections 2.16 & 2.17). Non-specific binding was determined in the presence of unlabelled 

citalopram (50 |aM). The data shown are representative of experiments, which had been 

performed twice with similar results in each case obtained. Each point is the mean of 

triplicate determinations and error bars present the S.E.M. Absence of error bars indicates 

the errors were smaller than the size of the symbol used. Kd and Bmax values were obtained 

by fitting the data to an equation describing a rectangular hyperbola using the graph 

program SigmaPlot.

For HEKhSERT membranes, Bmax values of 5.49 ± 0.11, 5.91 ± 0.24, 6.41 ± 0.07 

pmol/mg of membrane protein for 0, 5 nM citalopram added and 10 nM citalopram, 

respectively, were determined. Kd values were determined as 4.88 ± 0.29, 10.94 ± 1.93, 

21.11 ±0.51 nM for 0, 5 nM citalopram and 10 nM citalopram, respectively.

[^HJimipramine binding to HEKrSERT membranes gave the following parameters. 

Bmax values of 5.71 ± 0.35, 4.68 ± 0.86, 2.91 ± 1.31 pmol/mg membrane protein for 0, 2 

nM and 4 nM citalopram, respectively, were obtained. Kd values were determined as 10.56 

± 3.01, 18.08 ± 6.92 and 29.68 ± 23.17 nM for 0 and 2 nM and 4 nM citalopram treated 

membranes, respectively.
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Figure 5.14

Scatchard analysis shows the purely competitive effects of citalopram on 

[^H]imipramine binding to hSERT and the non-competitive pattern of inhibition for

rSERT

The data from Figure 5.13 for [^HJimipramine to HEKhSERT and HEKrSERT membranes 

was subjected to Scatchard analysis. Figure 5.14(A) clearly shows that for HEKhSERT 

membranes, the effects of unlabelled citalopram on [ HJcitalopram binding are purely 

competitive affecting the affinity of binding.

The Scatchard plot for the binding o f [^HJimipramine to HEKrSERT membranes 

(Figure 5.14(B) shows that citalopram non-competitively affects binding altering Bmax 

values by about 2-fold.

The bound versus free ligand data was fitted by linear regression using the 

programme SigmaPlot. The data shown is ± S.E.M. for triplicate determinations and is 

representative of an experiment that was carried out twice with similar results obtained 

each time.
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Figure 5.15

The apparent rate of association of [^HJcitaiopram binding to hSERT appears 

monophasic when analysed by non-linear regression

HEK 293 cells stably expressing the hSERT were grown to confluency in 10 cm^ plates and 

membranes prepared as described in section 2.12 according to the method of Schloss and Betz 

(1995). Association kinetics of [^Hjcitalopram binding to SERT was carried out as described 

in section 2.44. Non-specific binding was determined in the presence of 50 |^M unlabelled 

citalopram. Specific binding was calculated as the difference between total and non-specific 

binding. Each point is the mean of triplicate determinations and error bars represent the S.E.M. 

Absence of error bars indicates errors were smaller than the size of the symbol. The data 

shown here is representative of an experiment that had been carried out three times with 

similar results obtained in each case.

Figure 5.15 (A) show the data points fitted to a pseudo-first order association curve by 

non-weighted, non-linear regression, which allows determined of kobs and Ymax- The data was 

fitted using the graphics programm GraphPad. The Ymax values determined for the set of data 

presented here are 1.75 ± 0.04 pmol/mg membrane protein with an apparent kobs value of 0.58 

± 0.05 min''.

The data previously obtained in figure 5.15(A) was transformed into a semi- 

logarithmic plot for linear regression analysis. The data was analysed using the graph program 

GraphPad and fitted to an equation describing a one-phase association profile, kobs value 

obtained was 0.47± 0.07 min''. Figure 5.15(B) shows the plotted transformed data.



Figure 5.15(A)

2.0

T3

?  1-5-
«U

(X

^  1.0 -

2

B
8o c  

HI ^
0.5-

0.0
20 25 300 10 155

time (min)

Figure 5.15(B)

5.0-

0.0
10.02.5 5.0 7.50.0

time (min)



Figure 5.16

The apparent rate of association of [^H]citalopram binding to rSERT is monophasic

when analysed by non-linear regression

HEK 293 cells stably expressing the rat serotonin transporter were grown to 

confluency in 10 cm plates and membranes prepared as described in section 2.12 

according to the method of Schloss and Betz (1995). Association kinetics of 

[^HJcitalopram binding to SERT was carried out as described in section 2.44. Briefly, 

[^HJcitalopram (1.5 nM; 82 Ci/mmol) in 10 mM HEPES, pH 7.4, containing 120 mM 

NaCl, 2 mM KCl, 1 mM CaCl2 and 1 mM MgCb in a volume of 200 |̂ 1, was incubated 

with the membranes (15-50 |ag) for various time points at room temperature, followed by 

rapid filtration onto GF/C glass fibre filters. Non-specific binding was determined in the 

presence of 50 |iM unlabelled citalopram. Specific binding was calculated as the difference 

between total and non-specific binding. Each point is the mean of triplicate determinations 

and error bars represent the S.E.M. Absence of error bars indicates errors were smaller 

than the size o f the symbol. The data shown here is representative of an experiment that 

had been carried out three times with similar results obtained in each case.

Figure 5.16(A) shows the data points fitted to an association curve by non

weighted, non-linear regression, which allows determination of Kobs and Ymax- The data 

was fitted using the graphics program GraphPad Prism. The Ymax values determined for the 

set o f data presented here was 1.91 ± 0.04 pmol/mg membrane protein with an apparent 

kobs value for rSERT of 0.28 ± 0.02 min'*.

The data was then transformed into a semi-logarithmic plot for linear regression 

analysis by the graph program GraphPad, which allows determination of the constant kobs- 

The data were fitted to an equation describing a one-phase association profile and this is 

shown in Figure 5.16 (B). kobs value obtained was 0.28 ± 0.02 min''.
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values are summarised in Table 5.4, along with the calculated kon values which are 

discussed in section 5.2.11.

5.2.6 The observed association rate ( k o b s )  for [^H]imipramine to HEKhSERT and 

HEKrSERT membranes occurs too fast to determine accurately

The observed association rate for [^H]imipramine binding to HEKhSERT and 

HEKrSERT was measured according to the method described in section 2.45. It can be 

seen from Figure 5.17 association of [^HJimipramine to both HEKhSERT and HEKrSERT 

occurs very fast with a t of less than 0.12 min in both cases. When the data was fitted to 

an equation describing a one or two site binding profile, a one-site fit was deemed most 

appropriate. However, the fast nature of binding for this ligand to the transporters does not 

allow accurate determination of the association rate, nor does it lend for transformation of 

the data into a semi-logarithmic plot and so presence of two affinity states for the 

[^HJimipramine binding cannot be ruled out.

5.2.7 Dissociation of [^H]citalopram binding to HEKhSERT membranes reveals no 

significant heterogeneity dependent on methodology

The dissociation of [^H]citalopram binding from HEKhSERT and HEKrSERT

membranes was investigated using different methods of ligand dissociation. Membranes

were incubated at room temperature for 60 min with [^HJcitalopram (2-4 nM) before the

addition o f either the addition of room temperature binding buffer (50-fold dilution), and

excess unlabelled citalopram or imipramine (both at a concentration of 100 |aM). These

additions resulted in the subsequent dissociation of bound [^Hjcitalopram from SERT.

Dilution induced [^HJcitalopram dissociation from HEKhSERT membranes was

found to be monophasic, as was the dissociation o f bound [^HJcitalopram by chase with

unlabelled imipramine and unlabelled citalopram, giving similar dissociation rates within

error. The kofr values for dilution-induced dissociation, dissociation induced by unlabelled
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Species

Assay
(l^H]Ligand) HEKhSERT HEKrSERT

-1
(min ) M ‘ min *

kofr
min*

calculated
K d
nM

Real K d
nM

l^bs
-1

(min )
^^n 

M ' min *
koff

m in'
calculated

K d
nM

Real K d 
nM

[^H]citalopram 0.41 ± 0.09
2.20 X 10* 

±
6.00 X 10’

0.08 ± 0.02 0.36 ±0.06 2.32 ±0.46 0.29 ± 0.04
1.6 X 10®

±
3.00 X 10’

0.05 ± 0.02 0.31 ±0 .04 1.55 ±0 .16

[^H]imipramine N.D. N.D. 1.00 ±0.16. N.D. 5.94 ± 1.30 N.D. N.D. 5.71 ± 1.30 N.D. 11.17±1.70

*N.D. = not accurately determinable

Table 5,4
Kinetic Rates for [^Hjcitalopram and [^H]imipramine binding to HEKhSERT and HEKrSERT membranes

The kinetics o f [^H]citalopram and [^HJimipramine binding to hSERT and rSERT were performed as described in Methods (section 2.43 and 2.44). Using 
the rates detrmined from these experiments, Kd was calculated and compared to the affinity value determined from equilibrium binding. The above table 
summaries all parameters determined.



Figure 5.17

Association kinetics of [^H]imipramine binding to human and rat forms of the serotonin 

transporter occurs too quickly for accurate estimations of kobs values

HEK 293 cells stably expressing the human or rat forms of the serotonin transporter were 

grown to confluency in 10 cm^ plates and membranes prepared as described in section 2.12 

according to the method of Schloss and Betz (1995). Association kinetics of [^H]imipramine 

binding to SERT was carried out as described in section 2.44. Briefly, [^Hjimipramine (8 nM; 

43 Ci/mmol) in 10 mM HEPES, pH 7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaCh 

and 1 mM MgChin a volume of 200 |u,l, was incubated with the membranes (15-50 ng) for 

various time points at room temperature, followed by rapid filtration onto GF/C glass fibre 

filters. Non-specific binding was determined in the presence of 50 |iM unlabelled imipramine. 

Specific binding was calculated as the difference between total and non-specific binding. Each 

point is the mean of triplicate determinations and error bars represent the S.E.M. Absence of 

error bars indicates errors were smaller than the size of the symbol. The data shown here is 

representative of an experiment that had been carried out three times with similar results 

obtained in each case.

Figure 5.17 (A) and (B) show the data points of human and rat SERT, respectively, 

fitted to an association curve by non-weighted, non-linear regression, which allows 

determined of kobs and Ymax- In the experiments shown opposite, Ymax for hSERT and rSERT 

are 1.43 ± 0.05 and 1.24 ± 0.08 pmol/mg membrane protein respectively, kobs for these 

particular experiments was calculated at 13.42 ± 3.00 and 8.40 ± 2.40 min"’ for hSERT and 

rSERT respectively. However, these values may not be accurate, but the t ■/, in any case is less 

than 0.12 min"'.
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imipramine and unlabelled citalopram were 0.08 + 0.02, 0.051 ± 0.01 min'* and 0.09 ± 0.03 

m in '\ respectively (mean ± S.E.M. o f three separate determinations). Representative 

dissociation curves for these experiments are shown in Figures 5.18 - 5.20.

The dissociation rates for [^HJcitalopram dissociation from HEKhSERT 

membranes are summarised in Table 5.5.

5.2.8 Allosteric regulation of [^Hjimipramine to HEKhSERT membranes is absent 

in the presence of unlabelled citalopram or imipramine when compared to 

dilution-induced dissociation

Dissociation o f  [^H]imipramine from HEKhSERT membranes was performed using 

the methods o f ligand dissociation induced by excess dilution in buffer, chase with 

unlabelled imipramine and chased with unlabelled citalopram. These experiments revealed 

no significant differences within error between the three methods analysed with tVi values 

o f 0.70 ±. 04, 0.75 ± 0.05 and 0.88 ± 0 . 1 7  min for dissociation by dilution, chase with 

imipramine and chase with citalopram, respectively (mean ± S.E.M. o f three separate 

determinations). The dissociation curves were best fitted to one-phase profiles in all cases 

(Figures 5.21-5.23 & Table 5.5)

5.2.9 Dissociation of [^H]citalopram binding to HEKrSERT membranes is slower in 

the presence of unlabelled citalopram and imipramine, when compared to 

dilution-induced dissociation kinetics

Investigation into [^HJcitalopram dissociation from HEKrSERT showed that the 

rate o f ligand dissociation is relatively the same within error for dissociation induced by 

chase with either unlabelled citalopram and imipramine with t Vi o f 41.66 ± 2.00 and 43.17 

± 7.96 min, respectively (koff values o f 0.02 ± 0.00 and 0.02 ± 0.01 min-1), with 

dissociation occurring faster with excess dilution (t Vi o f  15.12 ± 2.82 min and koff o f  0.05
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Figure 5.18

Dilution-induced dissociation kinetics of [^H]citalopram binding to HEKhSERT is

monophasic in character

HEK 293 cells stably expressing the hSERT were grown to confluency in 10 cm^ plates 

and membranes prepared as described in section 2.12 according to the method of Schloss 

and Betz. (1995). Dissociation kinetics of [^H]citalopram binding (82 Ci/mmol; 1.5 nM) by 

the method of excess dilution was carried out as described in section 2.45. Non-specific 

binding was determined in the presence of 50 |aM unlabelled citalopram. Specific binding 

was calculated as the difference between total and non-specific binding. Each point is the 

mean of triplicate determinations and error bars represent the S.E.M. Absence of error bars 

indicates errors were smaller than the size of the symbol. The data shown here is 

representative of an experiment that had been carried out three times with similar results 

obtained in each case.

Figure 5.18(A) shows the data points fitted by non-weighted, non-linear regression 

to an equation describing a one-phase exponential decay, which allows determination of 

koff. koff was calculated as 0.09 ± 0.01 min"' for HEKhSERT, with a t '/z value of 8 min 

also determined.

This data was then transformed in a semi-logarithmic plot for linear regression 

analysis and analysed using the graph program GraphPad. Figure 5.18(B) shows the data 

was best fitted to an equation describing a monophasic dissociation profile.
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Figure 5.19(A) & (B)

Dissociation kinetics of [^H]citalopram binding from HEKhSERT membranes induced

by chase with unlabelled citalopram

HEKhSERT cells were grown to confluency in 10 cm^ plates and membranes prepared as 

described in section 2.12 according to the m ethod o f  Schloss and Betz (1995). Dissociation 

kinetics o f  [^H]citalopram binding (82 Ci/mmol; 1.5 nM ) induced by the presence o f 

unlabelled citalopram  (100 )j,M) was carried out as described in section 2.45. Non-specific 

binding was determined in the presence o f  50 n-M unlabelled citalopram. Specific binding was 

calculated as the difference between total and non-specific binding. Each point is the mean o f 

triplicate determinations and error bars represent the S.E.M. Absence o f  error bars indicates 

errors were sm aller than the size o f  the symbol used. The data shown here is representative o f 

an experim ent that had been carried out three tim es with similar results obtained in each case.

Figure 5.19 (A) shows the data points obtained fitted to a dissociation curve by non

w eighted, non-linear regression, which allows determination o f  kotr- In the experiment shown 

on the opposite page, the data for dissociation was best fitted to an equation describing a 

m onophasic dissociation model, resulting in a koff o f  0.07 min"' and a t'A o f  9.5 min.

The data was then transform ed into a semi-logarithmic plot for analysis by linear 

regression and evaluated using the graph program  GraphPad. The data was best fitted to an 

equation describing a monophasic dissociation pattern.
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Figure 5.20(A) & (B)

Dissociation kinetics of [^H]citalopram binding to HEKhSERT membranes by chase with 

unlabelled imipramine shows an apparent monophasic dissociation profile

HEK 293 cells expressing the hSERT were grown to confluency in 10 cm plates and 

membranes prepared as described in section 2.12 according to the method of Schloss and Betz 

(1995). Dissociation kinetics of [^H]citalopram binding (82 Ci/mmol; 1.5 nM) by the addition 

of unlabeled imipramine (100 (iM) to was carried out as described in section 2.45. Non

specific binding was determined in the presence of 50 unlabelled citalopram. Specific 

binding was calculated as the difference between total and non-specific binding.

Figure 5.20(A) shows the data points obtained fitted to a dissociation curve by non

weighted, non-linear regression, which allows determined of koff. The dissociation profile was 

best plotted as an equation describing a unimolecular model resulting in a koff 0.04 ± 0.00 

min"’ with a t ‘/a of 18 min. Each point is the mean of triplicate determinations and error bars 

represent the S.E.M. Absence of error bars indicates errors were smaller than the size of the 

symbol. This data is representative of an experiment that had been repeated 3 times with 

similar results obtained in each case.

The data was transformed into a semi-logarithmic plot for analysis by linear regression 

and was fitted to an equation describing a monophasic dissociation profile using the program 

GraphPAD, as is shown in Figure 5.20(B).
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Figure 5.21(A) & (B)

Dilution induced dissociation kinetics of [^Hlimipramine binding to HEKhSERT 

membranes appears to be monophasic

HEK 293 cells stably expressing the human serotonin transporter were grown to confluency in 

10 cm^ plates and membranes prepared as described in section 2.12 according to the method o f 

Schloss and Betz (1995). Dissociation o f [^H]imipramine binding (43 Ci/mmol; 8 nM) from 

HEKrSERT membranes by excess dilution with binding buffer was carried out as described in 

section 2.45. Non-specific binding was determined in the presence o f 50 )j.M unlabelled 

imipramine. Specific binding was calculated as the difference between total and non-specific 

binding. Each point is the mean o f triplicate determinations and error bars represent the S.E.M. 

Absence o f error bars indicates errors were smaller than the size o f the symbol. The data 

shown here is representative o f an experiment that had been carried out three times with 

similar results obtained in each case.

Figure 5.21(A) shows the data points fitted to a dissociation curve by non-weighted, 

non-linear regression, which allows determination o f koff- The data was best fitted to a model 

describing a one-phase dissociation profile with a koff o f 0.95 ± 0 .13  min‘‘, with a t Vi o f 0.73 

min.

The data was transformed into a semi-logarithmic plot for linear regression analysis 

and was evaluated using the graph program GraphPad. The data was best fitted to an equation 

describing a one-phase dissociation pattern and the plot is shown in Figure 5.21(B).
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Figure 5.22(A) & (B)

Dissociation kinetics of [^H]imipramine binding to HEKhSERT membranes induced by 

chase with uniabelled imipramine appear to be monophasic

After equilibrium binding (60 min), dissociation o f bound [^HJimipramine (43 Ci/mmol; 8 

nM) was measured induced by the addition of imipramine (100 fxM) was carried out as 

described in section 2.45. Non-specific binding was determined in the presence o f 50 

unlabelled imipramine. Specific binding was calculated as the difference between total and 

non-specific binding. Each point is the mean of triplicate determinations and error bars 

represent the S.E.M. Absence o f error bars indicates errors were smaller than the size o f the 

symbol. The data shown here is representative of an experiment that had been carried out three 

times with similar results obtained in each case.

Figure 5.22(A) shows the obtained data points fitted to a dissociation curve by non

weighted, non-linear regression, which allows determination o f koff- In the experiments shown 

opposite, the data for dissociation for hSERT was found to be best fitted using an equation 

describing a monophasic dissociation model, giving a koff o f 0.91 ± 0.07 min ' with a t of 

0.76 min.

The data obtained was then fitted using a semi logarithmic plot o f the natural log (In) 

B/Bo as a function o f time and analysed by linear regression using the graph program 

GraphPad to an equation describing a one-phase dissociation profile. The resulting plot is 

represented in Figure 5.22(B).
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Figure 5.23(A) & (B)

Dissociation kinetics of [^H]imipramine binding to HEKhSERT membranes induced by 

chase with unlabelled citalopram appear monophasic

Dissociation of [^HJimipramine binding (43 Ci/mmol; 6 nM) from HEKhSERT membranes 

induced by the addition of unlabelled citalopram (100 |iM) was carried out as described in 

section 2.45. Non-specific binding was determined in the presence of 50 îM unlabelled 

imipramine. Specific binding was calculated as the difference between total and non-specific 

binding. Each point is the mean of triplicate determinations and error bars represent the S.E.M. 

Absence of error bars indicates errors were smaller than the size of the symbol. The data 

shown here is representative of an experiment that had been carried out three times with 

similar results obtained in each case.

Figure 5.23(A) shows the data points fitted to a dissociation curve by non-weighted, 

non-linear regression, which allows determination of koff. The data was best fitted to an 

equation describing a monophasic dissociation pattern. A koff of 0.99 ±0.18 min"' and t '/, of 

0.69 min were determined for the data shown on the opposite page.

The data was then transformed and fitted using a semi logarithmic plot of the natural 

log(ln) B/Bo as a function of time by linear regression using the graph program GraphPad. The 

resulting plot is shown in Figure 5.23(B). It was noted that the data was best modelled to an 

equation representing a one-phase dissociation profile.
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± 0.02 min-1). (These values are the mean ± S.E.M. o f  three separate determinations). 

When the data was plotted for dissociation, the dissociation profiles were found to be 

monophasic in character. However, it was noted that although the dissociation o f 

[^HJcitalopram from rSERT occurs faster when induced by dilution, the binding profile 

showed consistently incomplete dissociation. Representative dissociation curves for 

[^HJcitalopram binding to HEKrSERT are shown in Figure 5.24 - 5.26.

The dissociation rates for [^Hjcitalopram dissociation from HEKrSERT membranes 

are summarised in Table 5.5.

5.2.10 Dissociation of |^H]imipramine from HEKrSERT membranes is unimolecular 

in character with all dissociation methods applied

As was carried out for the HEKhSERT membranes (5.2.11), dissociation kinetics o f 

[^Hjimipramine from HEKrSERT membranes was determined by use o f dilution-induced 

dissociation and dissociation induced by chase with unlabelled displacer (100 |iM 

imipramine or citalopram). Dilution-induced dissociation revealed a unimolecular profile, 

t '/2  value o f  0.13 ± 0.01 and kofr o f 5.71 ± 0.13 min"' (mean ± S.E.M. o f  three separate 

experiments).

Dissociation induced by the presence o f  excess unlabelled citalopram and 

imipramine resulted in dissociation curves also revealed monophasic dissociation patterns, 

with citalopram inducing a slightly slower mode o f  [^H]imipramine dissociation , with a t 

1/2 for citalopram o f 0.17 ±0.03 min compared to 0.40 ± 0.07 min (mean ± S.E.M. o f  three 

separate determinations).(Figures 5.27-29). The dissociation rates for [^HJimipramine 

dissociation from HEKrSERT membranes are summarised in Table 5.5.
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Figure 5.24 (A) & (B)

Dilution-induced dissociation kinetics of [^H]citalopram binding to HEKrSERT is

monophasic in character

2
HEK 293 cells stably expressing rSERT were grown to confluency in 10 cm plates and 

membranes prepared as described in section 2.12 according to the method of Schloss and 

Betz (1995). Dissociation kinetics of [^HJcitalopram (82 Ci/mmol; 1.5 nM) induced by 

excess dilution was carried out as described in section 2.45. Non-specific binding was 

determined in the presence of 50 |xM unlabelled citalopram. Specific binding was 

calculated as the difference between total and non-specific binding. Each point is the mean 

of triplicate determinations and error bars represent the S.E.M. Absence of error bars 

indicates errors were smaller than the size of the symbol. The data shown here is 

representative of an experiment that had been carried out three times with similar results 

obtained in each case.

Figure 5.24 (A) show the data points obtained fitted by non-weighted, non-linear 

regression to an equation describing a one-phase exponential decay, which allows 

determination of koff. koff was calculated as 0.034 min’' with a t Vz value of 20 min.

This data was then transformed into a semi-logarithmic plot for linear regression 

analysis and analysed using the graph program GraphPad. The data were fitted to an 

equation describing a monophasic dissociation profile.
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Figure 5.25(A) & (B)

Dissociation of [^H]citalopram binding from HEKrSERT membranes induced by 

chase with unlabelled citalopram appears monophasic in character

HEKrSERT cells were grown to confluency in 10 cm  ̂plates and membranes prepared as 

described in section 2.12 according to the method of Schloss and Betz. (1995). 

Dissociation kinetics of [ Hjcitalopram (82 Ci/mmol; 1.5 nM) induced by the addition of 

unlabeled citalopram (100 \xM) was carried out as described in section 2.45. Non-specific 

binding was determined in the presence of 50 |xM unlabelled citalopram. Specific binding 

was calculated as the difference between total and non-specific binding. Each point is the 

mean of triplicate determinations and error bars represent the S.E.M. Absence of error bars 

indicates errors were smaller than the size of the symbol. The data shown here is 

representative of an experiment that had been carried out three times with similar results 

obtained in each case.

Figure 5.25(A) show the data points obtained fitted to a dissociation curve by non

weighted, non-linear regression, which allows determination of koff. The data was best 

fitted using an equation describing a monophasic dissociation profile with a koff of 0.02 ± 

0.01 min'^ and a t Yz of 43.42 min.

The data was then transformed into a semi-logarithmic plot for linear regression 

analysis using the graph program GraphPad. Figure 5.25(B) shows that the data was best 

fitted to an equation representing a one-phase dissociation profile.
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Figure 5.26(A) & (B)

Dissociation profile for [^H]citaIopram binding from HEKrSERT membranes 

induced by chase with unlabelled imipramine indicates a one-site

dissociation model

HEK 293 cells expressing the rSERT were grown to confluency in 10 cm^ plates and 

membranes prepared as described in section 2.12 according to the method of Schloss and 

Betz (1995). Dissociation of [^H]citalopram (82 Ci/mmol; 1.5 nM) binding from rSERT 

membranes by the addition of unlabelled imipramine (100 |a.M) was carried out as 

described in section 2.45. Non-specific binding was determined in the presence of 50 |aM 

unlabelled citalopram. Specific binding was calculated as the difference between total and 

non-specific binding. Each point is the mean ± S.E.M. of triplicate determinations and 

error bars represent the S.E.M. Absence of error bars indicates errors were smaller than the 

size of the symbol. The data shown here is representative of an experiment that had been 

carried out three times with similar results obtained in each case.

Figure 5.26(A) shows the data points obtained fitted to a dissociation curve by non

weighted, non-linear regression, which allows determined of Koff. The data was best fitted 

using an equation describing a one-phase dissociation model, giving a Koffof 0.013 ± 0.002 

min'' with a t of 54.14 min.

The data was transformed in a semi-logarithmic plot for linear regression analysis 

using the graph program GraphPad. Figure 5.26(B) shows that the data was best fitted to 

an equation describing a one-phase dissociation profile.
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Figure 5.27(A) & (B)

Dilution induced dissociation kinetics of [^H]imipramine binding to HEKrSERT 

membranes appears to have a monophasic dissociation profile

HEK 293 cells stably expressing the rSERT were grown to confluency in 10 cm plates 

and membranes prepared as described in section 2.12 according to the method o f Schloss 

and Betz. (1995). Dissociation of [^H]imipramine binding (43 Ci/mmol; 8 nM) was 

induced by excess dilution with binding buffer as described in section 2.45. Non-specific 

binding was determined in the presence of 50 |aM unlabelled imipramine. Specific binding 

was calculated as the difference between total and non-specific binding. Each point is the 

mean o f triplicate determinations and error bars represent the S.E.M. Absence of error bars 

indicates errors were smaller than the size of the symbol. The data shown here is 

representative of an experiment that had been carried out three times with similar results 

obtained in each case.

Figure 5.27(A) shows the data points fitted to a dissociation curve by non

weighted, non-linear regression, which allows determination of koff. The data was best 

fitted to an equation describing a monophasic dissociation profile with koff of 4.63 ± 0.98 

min’’. The t V2 was calculated as 0.15 min.

The data was then transformed into a semi-logarithmic plot for linear regression 

analysis using the graph program GraphPad. Figure 5.27(B) shows this plot and the data 

was best modelled with an equation describing a monophasic dissociation pattern.
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Figure 5.28(A) & (B)

Dissociation kinetics of [^H]imipramine binding to HEKrSERT membranes induced 

by chase with unlabelled imipramine appears monophasic in dissociation profile

After equilibrium binding (60 min), dissociation o f bound [^H]imipramine (43 Ci/mmol; 6 

nM) from HEKrSERT membranes was induced by the addition of unlabelled imipramine 

(100 |a,M) as was described in section 2.45. Non-specific binding was determined in the 

presence o f 50 |iM unlabelled imipramine. Specific binding was calculated as the 

difference between total and non-specific binding. Each point is the mean of triplicate 

determinations and error bars represent the S.E.M. Absence o f error bars indicates errors 

were smaller than the size of the symbol. The data shown here is representative o f an 

experiment that had been carried out three times with similar results obtained in each case.

Figure 5.28(A) show the data points fitted to a dissociation curve by non-weighted, 

non-linear regression, which allows determination of koff. The data was best fitted to a 

monophasic dissociation profile giving a koff o f 3.70 ± 0.21 min"' with a t ■/, o f 0.19 min.

The data obtained was then transformed and fitted using a semi logarithmic plot of 

the natural log (In) B/Bq as a function o f time and analysed by linear regression using the 

program GraphPad. This plot is shown in Figure 5.28(B).
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Figure 5.29(A) & (B)

Dissociation of [^H]imipramine binding from HEKhSERT membranes induced by the 

addition of excess unlabelled citalopram appears monophasic

[^H]imipramine (6 nM; 43 Ci/mmol) in 10 mM HEPES, pH 7.4, containing 120 mM NaCl, 

2 mM KCl, 1 mM CaCh and 1 mM MgChin a volume of 200 |̂ 1, was incubated with 

HEKrSERT membranes (50 |xg) for 1 hour at room temperature. Unlabelled citalopram 

(100 |o,M) was added to samples and after incubation at room temperature for various 

times, the samples were rapidly filtered onto GF/C filters and counted for [^H]. Non

specific binding was determined in the presence o f 50 |^M unlabelled imipramine. Specific 

binding was calculated as the difference between total and non-specific binding. Each 

point is the mean of triplicate determinations and error bars represent the S.E.M. Absence 

o f error bars indicates errors were smaller than the size of the symbol. The data shown here 

is representative o f an experiment that had been carried out three times with similar results 

obtained in each case.

Figure 5.29(A) shows the data points fitted to a dissociation curve by non

weighted, non-linear regression, which allows determination o f koff. The data was found to 

be best fitted using an equation describing a one-phase model giving a koff o f 1.46 ± 0.16 

min'' and a t'/z of 0.47 min.

The data was then transformed and fitted using a semi logarithmic plot o f the 

natural log (In) B/Bq as a function o f time and analysed by linear regression using the 

graph program GraphPad. The resulting graph is shown in Figure 5.29(B). The data was 

best fitted to an equation describing a monophasic dissociation profile.
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Table 5.5

Dissociation rates for dissociation of [^H]citalopram and [^H]imipramine binding 

from HEK 293 membranes expressing the human or rat form of 

the serotonin transporter

Membranes were prepared from HEK 293 cells stably expressing the human or rat form of
•5

the serotonin transporter (section 2.12 and were then incubated with either [ HJcitalopram 

(82 Ci/mmol; 2 nM) or [^HJimipramine (40 Ci/nmiol; 8 nM) for 1 h at room temperature, 

so as to reach equilibrium binding (section 2.15). Following this, dissociation of ligand 

binding was induced by one of three methods:

• Dilution* ;̂ addition of 50-fold room temperature binding buffer

• Addition of unlabelled citalopram”: 100 )iM unlabelled citalopram was added to 

the assay mix

• Addition of unlabelled imipramine*: 100 )^M unlabelled imipramine was added 

to the assay mixture

The samples were then left for various times (0-5 min for [^H] imipramine binding and 0-
•5

90 min for [ HJcitalopram binding) at room temperature before the dissociation of ligand 

from the transporter was halted by addition of ice-cold buffer (3 ml), followed by twice 

washing with ice-cold buffer (section 2.15) and filtration onto GF/C filters. Specific 

binding was calculated by subtraction of non-specific binding from total binding as 

described in section 2.x. Data was fitted using the computer programme GraphPad to 

equations describing single and double exponential decay reactions (of “specific bound 

ligand” versus “time”). This programme gave estimations for monophasic and biphasic 

dissociation rates, along with t ■/, values. The resulting values are summarised in the Table 

opposite and values shown are the mean ± S.E.M. of at least 3 determinations.



Dissociation Assay under test 

([^H] ligand + method of dissociation)

Species

Human SERT
(HEKhSERT)

Rat SERT
(H EK rSERT)

Dissociation profile
koff

(min-l)
t - A

(min) Dissociation profile
koff

(min-l)
t - A

(min)

[̂ H] citalopram + dilution'*’ monophasic 0.08 ± 0.02 9.19 ±0.81 monophasic 0.05 ± 0.02 15.12 ±2.82

[̂ H] citalopram + citalopram" monophasic 0.09 ± 0.03 7.54 ±0.98 monophasic 0.02 ± 0.01 41.66 ±1.41

[̂ H] citalopram + imipramine* monophasic 0.05 ±0.01 14.43±1.86 monophasic 0.02 ±0.01 43.17 ±7.96

[^H]imipramine + dilution'*’ monophasic 1.00 ±0.16 0.70±0.04 monophasic 5.71 ± 1.30 0.13 ±0.01

[̂ H] imipramine + imipramine* monophasic 1.02±0.20 0.68±0.04 monophasic 3.44±0.28 0.21 ±0.02

[^H] imipramine + citalopram” monophasic 1.24±0.22 0.88±0.19 monophasic 1.78±0.29 0.40±0.07

Table 5.5
Comparison of the dissociation rates obtained for dissociation of [^H]imipramine and 

[^H]citalopram binding from HEKhSERT and HEKrSERT membranes



5.2.11 Comparison of the Kd values determined from kinetic experiment versus the 

Kd values determined by equilibrium binding experiments

The kon constants for association of [^H]citalopram and [^HJimipramine to HEKhSERT 

and HEKrSERT membranes was calculated from the experimental kobs and koff values 

according to the following equations:

k o n  = ( k o b s  - koff)/ [radioligand] (Equation 1)

Where:

kon = rate constant usually expressed as M‘‘min’'

kobs = the observed rate constant determined by fitting an exponential association equation 

to the data obtained from the association kinetic experiment 

koff = the dissociation rate constant usually expressed as min''

According to the law of mass action, the ratio of koff to kon is the Kd o f receptor binding:

Kd = koff /kon (Equation 2)

The experimental Kd values derived from the kinetic experiments were compared 

with the Kd values determined from the kinetic experiments and this comparison is 

summarised in Table 5.4. If binding follows the law o f mass action, the Kd calculated this 

way should be the same as the Kd calculated from a saturation binding curve.

kon values for [^H]citalopram binding to HEKhSERT and HEKrSERT membranes 

were 2.2 x 10  ̂± 6.7 x lO^M'' min'* and 1.6 x 10* ± 3.0 x 10  ̂M’' min'', respectively. These 

kon values, along with the kinetically determined koff values were substituted into Equation 

2 above, so as to determine the kinetic affinity values. Calculated Kd values for 

[^H]citalopram binding to hSERT and rSERT were 0.36 ± 0.06 and 0.31 ± 0.04 nM, 

respectively. When compared to the real Kd values, as determined from equilibrium 

binding experiments, these values are 5-6 times lower.
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5.3 Discussion

The study presented here utilises equilibrium binding and kinetic data in an attempt 

to investigate the heterogenic pharmacology existing for the rat and human serotonin 

transporters. Though possessing a high level o f sequence homology, pharmacological 

variation has been reported for the rat and human transporters and this variation also 

extends to the manner with which various antidepressants interact with individual 

transporters.

The mammalian HEK 293 cell line was the model system used to investigate

pharmacological heterogeneity among human and rat forms of SERT. This line does not

display endogenous binding sites for antidepressants and so all drug interactions in the

transfected cells results from the expression o f hSERT and rSERT. The HEK 293 cell line

stably expressing the human form of the serotonin transporter was characterised for SERT

expression by determination of the kinetics parameters for [^H]5-HT uptake, and for

[^HJcitalopram and [^H]imipramine binding. The kinetic parameters of 5-HT uptake were

found to be in accordance with values previously reported for human SERT (Scholze et a l,

2000). This cell line was found to express up to 6 pmol/mg membrane protein as was

determined from the binding assays. These expression levels also correlate within error

with quantities o f rat SERT stably expressed in HEK 293, and the expression o f rSERT in

this cell line has already been discussed in Chapter 4. It is worthy o f note that with regards

these two cell lines, it seems that there are similar levels o f expression as judged by

quantities o f binding o f the antidepressant ligands in both cell lines. Western blot analysis

of membrane preparation of both HEKhSERT and HEKrSERT shows bands running

around the 50-60 kDa marker with higher aggregates also occurring. As was discussed in

Chapter 4, it is unclear as to whether the quaternary status o f the functionally expressed of

SERT is a monomer or whether it may exist within the plasma membrane in higher
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molecular mass oligomers. It could well be that the higher forms seen in this study 

represent dimeric aggregates of the transporter and this has already been extensively 

discussed in Chapter 4.

In order to fiirther characterise saturable binding of [^H]citalopram and 

[^HJimipramine to HEKhSERT and HEKrSERT membranes, binding was carried out 

under various assay conditions. It has been well established that SERT, being a member of 

the NaVCl'-dependent neurotransmitter transporter family, is dependent on Na^ for its 

activity and its substrate 5-HT is cotransported with Na^. Although 5-HT binding was 

found not to be dependent on Na^, binding affinities of the tricyclic antidepressant 

imipramine and a cocaine analogue had been reported weaker when Na^ was replaced by 

Li^ (Humphreys et a l, 1994). Studies by Schloss et al. (1995 & 1997) also report the 

negative effects of Li^ ions on both antagonist binding and substrate uptake for SERT. 

Recent investigations on the effect of Li"*̂ on 2(3-carbomethoxy-3P-(4-[125I]iodophenyI)- 

tropane ((3-CIT) binding suggested that the decreased P-CIT binding seen on replacement 

of Na^ by Li^ is as a result of a conformational change, which may also increase the 

probability o f channel opening (Ni et a i,  2001).

In this study, [^H]citalopram binding to HEKhSERT and HEKrSERT membranes 

in the absence of Na^ ions both showed a decrease in affinity for the ligand, while the 

number of functional transporters molecules remained unchanged. The four-fold increase 

in Kd may reflect an alteration in the conformational status o f the transporter molecules 

whilst the density of functional protein remains unchanged. [ HJimipramine binding to the 

membrane preparations in the absence of Na”̂ abolished high-affmity ligand binding to 

both hSERT and rSERT. Studies by Humphreys and co-workers (1994) suggested that in 

order for imipramine to exert an affect, Na^ is required to induce changes in the transporter

active site and these changes alter the selectivity o f the site towards various ligands.
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Although imipramine is a competitive inhibitor, it binds to the transporter in a manner 

quite different to that of serotonin (Humphreys et al., 1994). In addition, the demonstration 

that the absence o f Na^ abolished high affinity binding o f imipramine, an effect far greater 

than that for citalopram binding, would argue for the hypothesis that citalopram and 

imipramine bind to different conformations/binding sites of the transporter molecule.

Subtle differences in saturable binding parameters were also observed in the case of

3 3[ H]imipramine and [ HJcitalopram binding to the rat and human forms of the transporter 

under different temperature conditions. Temperature had no effect on Bmax values for 

saturable [^H]citalopram binding to hSERT and rSERT. However, the affinity for 

[^H]citalopram binding was three-fold lower for both HEKhSERT and HEKrSERT 

membranes under assay conditions of low temperature (0-4°C). [^HJimipramine binding 

was found to be temperature dependen , revealing that although the Bmax values remained 

unchanged for both hSERT and rSERT, differences in binding affinity were noted. Kd 

values increased two-fold at 0°C for [^H]imipramine binding to hSERT. Conversely, in the 

case of HEKrSERT membranes, [^HJimipramine binding on ice resulted in an increase in 

binding affinity, with the Kd values almost two-fold lower than that determined for room 

temperature. It seems that at low temperatures, a tighter fit or a more favourable 

conformation exists for imipramine binding to rat SERT. Segonzac and co-workers (1987) 

reported that the binding of TCAs to SERT occurs in a temperature dependent manner, 

being o f higher affinity at 0°C than at 37°C. In addition, it was found that non-tricyclic 

inhibitors o f SERT uptake affected the binding o f [^HJimipramine/Paroxetine with an 

affinity essentially independent of the incubation temperature. From these observations, it 

was suggested that the conformation of SERT may change as a function o f temperature 

(Segonzac et a i,  1987; De Oliveira et al., 1989). However, the above study used platelet
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membrane preparations and to date there are no studies reporting the effects of temperature 

for heterologously expressed serotonin transporter.

To characterise the binding sites of the TCA imipramine and the SSRI citalopram 

on the rat and human SERT molecules, saturable binding of the ligands was carried out in 

the presence of unlabelled competitor. These studies were prompted by a similar study 

investigating antidepressant interaction with the rat serotonin transporter overexpressed in 

HEK 293 cells, which had been performed by Schloss and Betz (1995). In their study, 

[^H]imipramine and [^HJcitalopram binding to HEKrSERT membranes was carried out in 

the presence o f various concentrations of unlabelled citalopram and imipramine, 

respectively. In the case o f [^HJcitalopram binding in the presence of unlabelled 

imipramine, the nature of the competition conferred by the unlabelled ligand was found to 

be non-competitive at low concentration of imipramine (10 nM), while at higher 

concentrations of imipramine (100 nM), not only was the reduction in Bmax retained, but 

additional affects on affinity were found, indicated by an increased dissociation constant 

( K d). When Schloss and Betz (1995) analysed [^HJimipramine binding in the presence of 

unlabelled citalopram to HEKrSERT membranes, a second picture of ligand interaction 

was found. The presence o f unlabelled citalopram affected only the apparent Bmax values, 

without altering the binding affinity of [^H]imipramine. Thus, the effect was purely non

competitive. These results, according to Schloss and Betz (1995) are best explained by the 

presence of two distinct antidepressant binding sites on the rat SERT molecules, which 

they designated ABSl and ABS2. They postulated that imipramine and 5-HT bind to both 

ABSl and ABS2, while citalopram binds exclusively to ABS2. In the presence of low 

concentrations of sodium ions, imipramine binds to ABSl, non-competitively affecting 

[^HJcitalopram binding. However, higher concentrations o f imipramine bind to ABS2,

competitively affecting the kinetics of [^HJcitalopram binding. In the case of
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[^H]imipramine binding, citalopram only binds to ABS2, displacing the imipramine ligand 

bound there, but not affecting the imipramine molecule also present in the second site.

The present study repeated the described work by Schloss and Betz and similar 

results were obtained. Saturable [^HJimipramine binding to HEKrSERT membranes in the 

presence of low and high concentrations of unlabelled citalopram (2 and 4 nM) showed 

that the kinetic effects on [^H] imipramine binding were purely non-competitive, with a 

reduction in Bmax by about 33%. Saturable [^HJcitalopram binding to HEKrSERT 

membranes showed that a low concentration of imipramine (10 nM) reduced the Bmax 

value for [^HJcitalopram binding by 12% and addition effects on Kd were then found when 

the concentration of competitor increased to 50 nM. If one is to agree with the Schloss and 

Betz model, then it seems that there are two distinct, but interacting antidepressant sites on 

the rat SERT molecule. However, it could be the case that rather the existence of two 

distinct antidepressant sites being present, it may be that the competitive ligands on 

binding, confer alternative conformations which impose constraints on the respective 

ligand’s capacity to bind or vice versa that the already bound ligand poses a conformation, 

which is unfavourable for functional/competitive binding of the competitor.

Similar methods were used to analyse the interaction o f citalopram and imipramine 

with the human SERT molecule and contrasting results to the rat form of SERT were

-j

obtained. In the case of [ HJimipramine binding to HEKhSERT membranes the effects 

conferred by unlabelled citalopram were o f a competitive nature at the two concentrations 

of citalopram (5 and 10 nM) tested.

[^HJcitalopram binding to HEKhSERT membranes in the presence o f unlabelled

imipramine gave a mixture o f kinetic effects. Firstly, at low concentrations of imipramine

(10 nM), the effect on [^HJcitalopram binding were competitive, with a 6-7 fold increase in

Kd values. Increasing the concentration o f unlabelled imipramine to 50 nM, resulted in
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maintenance of the altered Kd values but additionally reduced the Bmax values by 

approximately 50%, perhaps caused by the increase in site occupancy by imipramine. 

From this data, it may be concluded that one conformational state exists for the binding of 

[^HJimipramine and [^HJcitalopram to HEKhSERT. The competitive nature o f interaction 

by respective ligands alters the Kd of binding, affecting affinity

The model of two distinct sites for imipramine is further supported by results of 

O ’Riordan and co-workers (1990), who reported the presence o f two classes of binding 

sites for [^HJimipramine binding. In their study, dissociation kinetic analysis revealed the 

presence of biphasic dissociation with 3-5 fold differences in dissociation rate constants, 

although association kinetics showed monophasic interaction.

However, it could be that if two conformational states exist for imipramine, that 

citalopram or indeed excess unlabelled imipramine confer an alteration in conformation 

which decreases [^H] imipramine capacity to bind, explaining the effect on the dissociation 

time, although in relative terms, this is small.

In the present study, analysis of the association-dissociation of kinetics of 

[^H]citalopram and [^HJimipramine binding to human SERT and rat SERT were also 

performed. The association kinetics for [^HJimipramine and [^HJcitalopram binding to 

hSERT both revealed monophasic binding profiles, with the steady-state association of 

[^HJimipramine to the transporter occurring at least fifteen times faster than the binding of 

[^H]citalopram. Investigation into the dissociation o f [^HJcitalopram binding from 

HEKhSERT revealed that dissociation displayed a unimolecular pattern, regardless of the 

methodology used to induce dissociation. Indeed, the koff for dissociation for the dilution- 

induced or chase with unlabelled citalopram or imipramine showed no differences within 

error, occurring at more or less equal times.
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Dissociation o f  [^HJimipramine from HEKhSERT also exhibited monophasic 

behaviour, for all methods o f dissociation. The dissociation rates obtained were more or 

less the same within error for all forms o f  the methods used to induced dissociation. 

Several groups had reported previously that dilution-induced dissociation o f 

[^HJimipramine from human platelet membrane carrier showed two phases (O ’Riordan et 

a l ,  1990; Philips and WiUiams, 1984; Plenge and Mellerup, 1985), consistent with 

dissociation from two classes o f [^H]imipramine binding sites, with XVi values for 

dissociation approximately three-fold different, both sites being present in equal quantities. 

Interestingly, in the present study using the heterologous expression system o f the 

mammalian cell line, dissociation o f [^HJimipramine binding by unlabelled imipramine 

and citalopram failed to show the presence o f  these differing components. When compared 

to the rate o f  dissociation for [^HJcitalopram binding from HEKhSERT, [^H]imipramine 

dissociation was found that occurs approximately fifteen times faster ( average koff o f 1.1 

versus 0.07 min’’ for imipramine and citalopram, respectively).

Taking into account the binding and kinetic data for the human SERT expressed in 

HEK 293 cells, the model to explain the combined effects seems in favour o f the sites 

being identical or overlapping. The competitive equilibrium binding showed that 

[^H]imipramine binding in the presence o f  citalopram and [^HJcitalopram in the presence 

o f  imipramine, both displayed competitive effects conferred by the unlabelled ligands. In 

addition to this evidence, the kinetic data for the dissociation o f  [^H] imipramine binding 

from HEKhSERT membranes failed to show any significant difference in the rate o f 

dissociation induced by excess dilution and “chase” with unlabelled ligands. Dissociation 

o f  citalopram by dilution and chase with unlabelled imipramine or citalopram showed 

relatively little difference. Putative models describing the interaction o f  antidepressants

with HEKhSERT are described in Figure 5.30.
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Model I

HEKhSERT

•  Imipramine 
■I Citalopram

Model II M-----------------------►

HEKhSERT

Figure 5.30
Putative models for the interaction of antidepressants and HEKhSERT

The kinetic data obtained from the study described in this Chapter lends itself to 
two models to account for the interaction of HEKhSERT and the antidepressants 
citalopram and imipramine.
Model I: This model proposed that the binding of citalopram and imipramine 
occurs at a common recognition site or overlapping sites on the transporter 
molecule.
Model II: Proposes that imipramine and citalopram bind to different sites on the 
transporter which allosterically regulate each other



The present study also investigated the nature of association-dissociation kinetics 

for [^HJcitalopram and [^HJimipramine binding to HEKrSERT membranes. Association 

and dissociation equilibria for [^HJcitalopram binding to HEKrSERT membranes was 

found to be all monophasic in character, with dissociation induced by dilution, chase with 

unlabelled citalopram and chase with unlabelled imipramine occurring at more or less 

equal rates. Again, if  one is to support the Schloss and Betz model, then dissociation of 

[^H]citalopram occurs solely from ABS2 which exclusively binds citalopram and high 

concentrations of imipramine.

As was the case for the human SERT, imipramine association rate could not be

truly determined since it occurs so quickly. It was found that in the case of [^HJimipramine

association, the binding profile was apparently unimolecular in character. The dissociation

profile, induced by excess dilution also displayed a unimolecular pattern as was the case

for dissociation induced by chase with unlabelled citalopram and imipramine. It was noted

that the dilution-induced dissociation failed to fully displace the [^Hjimipramine bound.

This was also observed for unlabelled ligands, even though concentrations of >30 |j.M of

unlabelled ligand were used. Consistently, some of [^H]imipramine remained bound. It

seems that [^H] imipramine binding to HEKrSERT cannot be “chased” by high

concentrations of unlabelled imipramine or citalopram. This situation could be envisaged

because the concentration of [^HJimipramine used is around 10 nM and if Schloss and

Betz’s model hold true, then at this concentrafion only ABSl is occupied by imipramine.

Displacement o f [^H]imipramine from ABSl by citalopram cannot take place as it binds

exclusively to ABS2. Dissociation of [^HJcitalopram from HEKrSERT membranes occurs

up to 150 times slower than [ HJimipramine dissociation from rat SERT. This is in keeping

with studies b y Erreboe et al. (1995) who demonstrated that comparison of [^HJcitalopram

and [^HJimipramine rate o f dissociation from rat brain preparations occurs with an eleven
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fold difference between dissociation rates, [^HJimipramine being faster. Figure 5.31 shows 

the putative models describing the interaction of citalopram and imipramine with 

HEKrSERT.

Several inter-species differences amongst dissociation rates for imipramine and 

citalopram binding to hSERT and rSERT were observed. It was noted from the present

3 . .study, that [ H]imipramme dissociation may be up to six times faster from HEKrSERT 

membranes than that recorded for dissociation from HEKhSERT membranes. This is in 

keeping with studies by Erroboe et al. (1995), who reported that [^H]imipramine 

dissociation induced by excess dilution from rat brain membranes to be almost four times 

faster than that determined for dissociation from human brain membrane preparations.

It was found noted that dissociation o f [^HJcitalopram occurred almost twice as fast 

from HEKhSERT membranes, as from HEKrSERT membranes. This is in keeping with 

reports by Erroboe and co-workers (1995), who examined the rate o f dissociation of 

[ H]citalopram from SERT present in whole brain membranes isolated from a variety of 

species. They demonstrated that [^H] citalopram dissociation was six times faster in human 

brains than that determined for rat brain membranes.

As a final comparison, the kinetic data for the binding of [^H] imipramine and 

[^HJcitalopram to HEKhSERT and HEKrSERT membranes was used to calculate kon and 

subsequently determine a kinetic Kd for ligand binding. Kon values for [^HJcitalopram 

binding to hSERT and rSERT showed no difference within error o f each other, with values 

of 2 X 10  ̂ ± 6 X 10  ̂ and 2 x l O * ± 3 x l O ^  M '' min’\  respectively. Since the rate of 

association of [^H] imipramine binding to the transporters occurs so quickly, it was not 

possible to determine the kon rates, thus also preventing calculation of the kinetic Kd 

values.
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Figure 5.31
Putative model for the interaction of antidepressants on the rat SERT

molecule
The interaction of imipramine and citalopram is hypothesised to occur 
according to two models:
Model I: Schloss & Betz model (1995)
Model II: Alternative model indicating that conformational changes occur 
which may prevent ligand binding or may alter the affinity o f ligand binding. 
ABSl, antidepressant binding site 1; ABS2, antidepressant binding site 2; 
CFl, conformation state 1; CF2, conformational state 2



However calculated kinetic affinity values for [^HJcitalopram binding when 

compared to the Kd values determined from equilibrium binding data were found to be two 

and five times lower for hSERT and rSERT, respectively.

The discussed data obtained from the present study has revealed subtle intra- and 

inter-species differences for the interaction of the antidepressants with the human and rat 

forms of SERT. Whether these differences are physiologically relevant remains to be 

proven. It would be interesting to extend these studies further and examine the interaction 

o f both of the antidepressants tested with regards [ H]5-HT uptake and conversely examine 

the influence of 5-HT on binding of these drugs using the heterologous system of the HEK 

293 cells. Sur et al. (1997) has already reported allosteric effects of imipramine on 5-HT 

uptake o f the HEKrSERT, but it would of interest to determine if these results can be 

repeated and also compare them to HEKhSERT. Also the range of antidepressants could be 

extended to include other examples of the TCAs and SSRIs, to examine if the observations 

seen in the present study are restricted exclusively to imipramine and citalopram 

interactions.

Additionally, since differences were noted when the binding assays were carried

•j

out at room temperature and on ice for the [ HJimipramine binding to the rat SERT, 

namely that the affinity for [^HJimipramine increases, it would be interesting to determine 

how the affinity changes in the presence of competitor such as citalopram. Also the other 

competition assays could also be determined on ice to look for any alterations o f the nature 

of competition already observed at room temperature. It may also be worthwhile to 

perform the [^H] imipramine dissociation experiments in the absence of Na^ ions, to 

determine whether or not an alternative conformational/affinity state exists in the case of 

the rat SERT.
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To date, the exact location of the binding sites for citalopram and imipramine 

remain unknown. Although site-directed mutagenesis studies have indicated that regions 

TMD I and TMD VII-XII are likely to be the site o f binding of SSRIs (Barker et a l,  1998 

& 2001) and TCAs (Barker et al., 1994 & 1996), respectively, and several amino acids 

which may be involved in the active binding of the drugs (Barker et al., 1996; Sur et al., 

1997), the exact amino acid and sequence involved remains unsolved. A useful means of 

determining the binding site of a ligand is to use photo-affinity labelling. Photo-affinity 

labelling is a methodology designed to irreversibly and specifically label, through the 

action of light, a ligand binding site of a biological macromolecule. The techniques uses 

photosensitive ligand analogues generally obtained after chemical modification of the 

ligand by introducing an appropriate photo-activatable moiety. Four main categories of 

light-induced reactive intermediates are usually defined in photo-affinity labelling 

reactions, namely nitrenes, carbenes, cations and radicals usually generated by azides, 

diazirines or diazo-containing molecules, aryldiazonium salts and miscellaneous 

compounds like ketones, alkenes, halides or nitrites. Following isolation of the labelled 

components by SDS-PAGE, mass spectrophotometry can be used to determine the 

molecular weight of the binding site component. The particular band containing the label 

may be then sequenced and this sequence localised to a particular domain on the 

transporter.

Additional biophysical characterisation of the antidepressant binding sites may be

gained by means of a fluorescent antidepressant analogue, which can act as a molecular

reporter. Recently Rasmussen and co-workers (2001) synthesised a cocaine analogue RTI-

233 containing the environmentally sensitive fluorescent moiety, nitrobenzoxadiazol and

using spectroscopic analysis and collision quenching experiments, reported that the signals

obtained were indicative o f a partially exposed, partially embedded binding crevice. A
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similar study could be envisaged out for characterisation of TCA and SSRI binding sites, 

and fluorescent probes synthesised by making use o f a wide variety of side groups existing 

on antidepressants. This would perhaps allow mapping of these sites.

However, despite the kinetic data available, there remain gaps in our knowledge 

about the interaction o f antidepressants with SERT. Much work is still needed to determine 

the exact target domains for antidepressants on SERT. However, for now this study 

provides some evidence that there are distinct binding sites for imipramine and citalopram 

on the rat SERT molecule and though they may not be identical, they could indeed overlap 

or alternatively represent different conformations o f the same site. In the case of the human 

SERT, this study suggests that citalopram and imipramine competitively interact at same 

binding site or that they bind mutually exclusively.
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Chapter 6

Studies toward the cloning of a mammalian cell line stably over-expressing a c-myc

tagged human SERT

6.1 Introduction

6.1.1 Mammalian Expression Systems

Over the past decade, recombinant gene expression in mammalian cell lines has 

emerged as an essential tool for studying multiple aspects o f eukaryotic biology. 

Mammalian cell lines have aided not only in the analysis of the physiological and 

functional role of an expressed protein, but also the evaluation of the effect of a specific 

mutation o f the protein sequence or modification on the activity o f a protein. Producing 

cell lines that express the gene and determining their phenotypes can ascertain the effects 

that genes have on cellular growth. Cell lines can be produced that over-express the gene 

of interest, allowing in some cases purification o f the product for biochemical 

characterisation or large-scale production as a drug. There is currently a huge choice of cell 

lines available, produced from both human and animal sources, which can grow as 

suspension or adherent cultures, a huge variety of vectors for DNA introduction into cells 

and promoters driving and regulating gene expression (Chisholm, 1997).

The main advantage o f expression of mammalian membrane proteins in such a 

system as this, is that it is as native a system as possible in terms of heterologous 

expression, and that the protein should be efficiently processed and post translational 

modifications such as glycosylation, myristoylation and anchoring to 

glycosylphosphatidylinositol are possible (Grisshammer and Tate, 1995). As in other 

expression systems, “tags” can be engineered to the protein of interest, to facilitate 

identification or enable affinity-purification.
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6.1.2 Expression Vectors

A large variety of eukaryotic expression vectors are commercially available, and 

they all share some of the following elements, which are directly involved in promoting 

efficient expression of a foreign cDNA sequence (reviewed by van Craenenbroeck et a l ,  

2000). These include plasmid backbone shuttle sequences allowing replication and 

maintenance in bacteria; a multiple cloning site for convenient cloning of foreign DNA 

fragments into the vector; and also a mammalian poly-adenylation signal downstream of 

the stop codon of the introduced DNA. There is also a promoter for amplification, usually 

o f viral origin, such as Simian Virus 40 (SV40) early enhancer/promoter, the Rous 

sarcoma virus long terminal repeat (RSV-LTR) or the human cytomegalovirus major 

intermediate early enhancer/promoter (CMV-IEP), because of their high transcriptional 

activities. Often a selectable gene acting as a marker for the generation of stable 

transfectants is also present. In addition to the above, mammalian expression plasmid 

vectors can contain other elements, such as transcriptional regulatory elements, a 5‘ 

untranslated region between the transcriptional and translational start sites, protein 

targeting signals and fusion tags (e.g. c-myc or hexa-histidine tags).

6.1.3 Transfection of mammalian cells

The ability to introduce nucleic acids into cells has enabled the advancement of our 

knowledge o f genetic regulation and protein function within eukaryotic cells, tissues and 

organisms. Genes can be expressed transiently or stably and there are various methods that 

enable the efficient transfer of DNA into mammalian cells (reviewed by Chisholm, 1997). 

A comparison of stable and transient transfection is shown in Table I below:



Transient Stable

short time span of expression (48-72 h) Indefinite expression under right conditions

Heterogeneous gene population All cells express gene of interest

Usually no morphological alteration of 

cells

Can morphologically alter cells

Cannot screen for transfected cells using 

drug selection

Screen transfected cells by drug selection

Higher expression levels Lower expression levels

Table I Comparison of transient and stable transfection 

6.1.3.1 Transient Transfection

During transient transfection, vector sequences are not integrated into the host cell’s 

chromatin but are maintained extrachromosomally. Plasmid vectors may contain viral 

replicons, which allow episomal replication of the plasmid, so long as the appropriate 

trans-acting factors are provided. For example, plasmid vectors such as pcDNA and 

pRC/CMV contain the replicon for SV40 and can replicate to a very high copy number in 

cells that express the SV40 viral T (tumour) antigen (e.g. COS cells). Expression is rapid 

but o f limited duration, and is highly dependent on transfection efficiency (Kriegler, 1990; 

Chisholm, 1995).

6.1.3.2 Stable Transfection

Stable transfection results in gene expression on a continuous, long-term basis in 

the host cells. Stable transfection is usually the result o f random integration of the vector in 

the host cell’s chromosomes, although genomic targeting vectors (Fukushige and Sauer,
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1992) and episomally replicating vectors (Yates et al, 1985) have been developed. 

Expression levels in stable integrative transfections are highly influenced by the chromatin 

structure at or near the site o f integration as well as the exogenous DNA copy number. In 

general, the establishment o f a stable transfected cell occurs one or two orders of 

magnitude less frequently than does the establishment of an expression plasmid in a cell 

during transient transfection.

Selection of stable transfected cells is usually carried out clonally with the aid of a 

selectable marker gene (SMG). There is a range o f SMGs in use (Chisholm, 1995) 

including the bacterial aminoglycoside phosphotransferase gene, which allows for the 

detoxification of the protein synthesis inhibiting drug neomycin (G418). The SMG is 

usually included on the vector with the gene of interest, as in the case of the pRC/CMV 

vector.

6.1.4 Methods of transfection

When embarking upon any transfection procedure, a critical first step is to optimise 

conditions. The single most important factor in optimising transfection efficiency is 

selecting the proper transfection protocol. The many transfection techniques that have been 

developed can be classified as either physical methods or chemical reagents.

The physical methods include direct microinjection (Cappechi, 1980), biolistic 

particle delivery (Ye et al, 1990) and electroporation (Shigekawa and Dower, 1988). The 

chemical reagents utilised include the ‘classic’ transfection reagents diethylaminoethyl 

(DEAE)-dextran (McCutchan and Pagano, 1968) and calcium phosphate (Graham and van 

der Eb, 1973), and the newer use of molecular conjugates (Wu and Wu, 1987) and artifical 

liposomes. Generally speaking, most transfection techniques involving adherent cells 

utilise transfection methods using DEAE-Dextran, calcium phosphate and liposome-
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mediated transfection. Suspension cells have been reported to be efficiently transfected 

using electroporation and liposomal techniques.

6.1.4.1 DEAE-Dextran

Transfection of cultured mammalian cells using diethylaminoethyl (DEAE)- 

dextran/DNA can be an attractive alternative to other transfection methods in many 

circumstances. The major advantages of the technique are its relative simplicity and speed, 

limited expense and it has also been reported to have remarkably reproducible inter- 

experimental and intra-experimental transfection efficiencies. Disadvantages include an 

inhibition o f cell growth and induction o f heterogeneous morphological changes in cells. 

The method of entry for DNA into cells using this technique is that the DNA/dextran forms 

complexes, which enter cells by endocytosis after the adsorption of the complexes onto the 

cells. This method is critically dependent on the ratio of DNA : dextran.

6.1.4.2 Calcium Phosphate

Calcium phosphate transfection was first used to introduce adenovirus DNA into 

mammalian cells by Graham and van der Eb (1973). It was later found to be possible to 

integrate exogenous DNA into mammalian chromosomes using this technique (Wigler et 

al., 1978). There are a number of different protocols for this technique in the literature, but 

the basic principle is the same. Calcium chloride in the presence o f either a HEPES or a 

BES based buffer will form a precipitate with DNA and this is then taken into the cell by 

endocytosis. Calcium phosphate based transfections have been reported to work much 

better than dextran based transfections in the generation of stable cell lines. In some cases 

shocking the cells with glycerol or DMSO can improve transfection efficiency. The



method however requires high quality DNA and is dependent critically on pH and DNA 

quantity.

6.1.4.3 Electroporation

DNA transfection by electroporation is a technique that is applicable to most cell 

types, particularly suspension/non-adherent cells. It yields a high frequency of stable 

transformants and has a high efficiency of transiently transfected gene expression. 

Electroporation makes use o f the property that the cell membrane acts as an electrical 

capcitator that is unable to pass current (except through ion channels). Subjecting the 

membranes to a high voltage electric field results in temporary breakdown and the 

formation of pores that are large enough to allow macromolecules (as well as smaller 

molecules like ATP) to enter or leave the cell. The re-closing of the membrane pores is a 

natural process that is delayed at 0°C. During the time the pores are open, nucleic acid 

enters the cell and ultimately the nucleus.

6.1.4.4 Lipofection

Feigner et al. (1987) developed the technique of lipofection utilising cationic 

liposomes to transfect mammalian cells. The mechanism by which liposomes containing 

cationic and neutral lipids mediate transfection o f DNA into animal cells is not well 

understood. Negatively-charged phosphate groups on the DNA bind to the positively 

charged of the liposome, and the residual positive charge then presumably mediates 

binding to negatively charged sialic acid residues on the cell surfaces. An alternative 

possibility is that liposomes fiase with the cell surface and are taken into the cell by 

endocytosis. A fraction of the DNA is then released into the cytoplasm by some unknown 

mechanism. The choice of a particular liposome mixture depends on the cell line to be

189



transfected. There are a number of commercially available liposome reagents such as 

Fugene and Lipofectin. Optimisation of the ratio of lipid to DNA is critical, and small 

amounts o f DNA are sufficient for promoting high transfection frequencies. The use of 

liposomes to transfect mammalian cells has yielded transient expression frequencies 5-100 

fold higher than those obtained with other transfection methods and higher production of 

stably transfected colonies has also been observed. Liposome mediated transfection is 

often more reproducible than other transfection methods because it appears to be less 

affected by contaminants, varying salt concentrations, and pH differences of various DNA 

preparations.

6.1.5 Aims of chapter

HEK 293 cells are a human embryonic kidney cell line and have been used for the 

stable overexpression of a number of mammalian membrane proteins including the NaVCl' 

dependent norepinephrine transporter (Miller et a i, 2000), the H"^/K^-ATPase (Grishin et 

al., 1996), T-type calcium channel (Chemin et a l,  1999) and the renal porcine calcitonin 

receptor (Therien et al., 1999).

The serotonin transporter (rat, human and mouse) has previously been successfully 

overexpressed in a number of different cell lines including HeLa cells (Agnel et al., 1996), 

CV-1 cells (Hoffman et al., 1991) and indeed HEK 293 (Schloss and Betz, 1995). Since 

the antibodies against the serotonin transporter are limited in usefulness, it was decided 

that it would be a useful tool to have a c-myc tagged form of the serotonin transporter, 

especially as there are commercially available antibodies against the c-myc sequence. The 

aim o f this chapter was to produce a HEK 293 cell line stably expressing a myc-tagged 

human SERT. The vector which was used for stably transfecting the cell line was 

pcDNA3.1(-)/Myc-His (version A) vector from Invitrogen Inc. which not only expresses a
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c-myc epitope but also a polyhistidine tag. It was envisaged that because there are 

monoclonal antibodies against c-myc, an hSERT-/w_vc tagged cell line could be used to 

further immunochemical studies on SERT and also aid in localisation investigations. The 

presence o f the polyhistidine tag was also thought to be an advantage and could be used in 

future purification studies.

In order to generate the stable cell line, the hSERT cDNA had to be manipulated 

and sub-cloned into the pcDNA3.1 in-frame to the myc-tag sequence. Transient 

transfection of the plasmid followed, along with affirmation of functional expression by 

Western blotting and [^H]5HT uptake. The stable expression of the construct in HEK 293 

cells was then attempted. The presence of the human SERT was validated using Western 

blotting with both anti-myc and anti-SERT antibodies. [^H]5HT uptake into hSERT-/n>'c 

expressing cells was also quantified.



6.2 Results 

6.2.1 Restriction analysis of pcDNA3.1 (A) and pCIS-hSERT

The original cDNA of the human serotonin transporter was provided by Prof. Randy Blakely 

(1991) in a pBluescript KSII vector (Blakely, 1991) and given to Dr. Patrick Schloss, who 

later sub-cloned the hSERT insert into another eukaryotic expression vector pCIS. It is this 

pCIS-hSERT construct, which was provided for this study. Figure 6.1 outlines the procedure 

used to manipulate and subclone the hSERT cDNA into the eukaryotic expression vector 

pcDNA3.1(A) in order to produce a c-myc tagged form and non-tagged form of the human 

serotonin transporter from pCIS-hSERT.

Plasmid pCIS-hSERT was transformed into competent E.coli D H5a cells and 

following propagation, restriction analysis using a variety o f restriction enzymes was carried 

out in order to confirm the presence and size o f the XbaHXhol insert containing the hSERT 

sequence (2.5 kb). The restriction pattern obtained is shown in Figure 6.2. In addition 

restriction analysis was also carried out on pcDNA3.1(A), the eukaryotic expression vector 

which was the vehicle for use in subsequent sub-cloning steps and heterologous expression in 

HEK 293 cells. The restriction analysis is shown in Figure 6.3.

6.2.2 Digestion of pCIS-hSERT with Xhol and Xba\ and subsequent insertion of 

hSERT into pcDNA3.1 (Version A)

The hSERT sequence was excised from the original pCIS-hSERT vector by digestion 

with the restriction enzymes Xhol and Xbal, followed by agarose gel purification to remove 

cut ends. The vector pcDNA3.1 version A was also doubly digested with Xbal and Xhol and 

the 5.5 kb fragment retained and gel purified. The Xbal and Xhol hSERT fragment was then 

ligated into the Xbal-Xhol digested pcDNA3.1(A) vector to give the plasmid pcDNA3.1- 

hSERT(non-tagged). The scheme used for hSERT uses an Xhol site, which lies downstream
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Figure 6.1

Cloning Strategy for the non-tagged and myc-tagged 

human Serotonin Transporter

The pCIS-hSERT was subcloned from a pBluescript KSII vector provided by Dr.Patrick 

Schloss. The sequence was cloned into Xbal and Xhol sites in pCIS using Xbal -Xhol 

adaptors. The construct was then transfected into HEK 293 cells and screened for [^H]5HT 

uptake and positive clones were isolated. The Xbal-Xhol fragment encompassing the cDNA 

was isolated from pCIS-hSERT and ligated into the eukaryotic expression vector 

pcDNA3.1(A) to yield a non-tagged human SERT (pcDNA-hSERT). In addition to this 

construct, a myc-tagged human SERT was cloned by amplification of hSERT from pCIS, 

using oligonucleotides targeting the X6al site lying 5' to the ATG start codon and also a site at 

the 3' end which replaces the stop codon with a restriction site for This construct was 

then ligated into the Xbal-¥4>nl sites of the MCS of the pcDNA3.1(A) forming pcDNA- 

hSERT-myc. The flow-chart opposite describes in brief the steps taken to produce these two 

constructs.
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Figure 6.2
Restriction Analysis of Plasmid pCIS-hSERT

Plasmid pCIS-hSERT was digested with a series o f restriction enzymes and the reaction 

products examined on a 1% (w/v) agarose gel as described in section 2.32 and 2.33 

respectively. The DNA band sizes are as predicted by the restriction map based on the known

sequence.

Lane 1: Molecular weight markers (only distinguishable markers are labelled)

Lane 2: Uncut pCIS.hSERT (7.8 kbp)

Lane 3: Xhol digested

Lane 4: Xbal digested

Lane 5: Xbal and Xhol digested (2500 bp)

Lane 6: Aval digested (5707, 1169, 840, 156 bp)

Lane 7: Aval and X/?oI digested (5707, 1169, 840, 156 bp)

Lane 8: K/7«I digested



Figure 6.3
Restriction Analysis of Plasmid pcDNA3.1(-)/Myc-His A

Plasmid pcDNA3.1(-)/Myc-His A was digested with a series o f restriction enzymes and the 

reaction products examined on a 1% (w/v) agarose gel as described in methods sections 2.32 

and 2.33 respectively. The DNA band sizes are as predicted by the restriction map based on 

the known sequence (see Appendix for plasmid map).

Lane 1; Molecular weight markers (only distinguishable markers are labelled)

Lane 2 : Uncut pcDNA3.1 (-)/Myc-His A (5499 bp)

Lane 3: Xhol digested

Lane 4: Xbal digested

Lane 5: Yqynl digested

Lane 6: Xbal and X/joI digested



of the stop codon. The stop codon remains present, and thus prevents transcription of the myc 

tag and subsequent expression.

Following transformation of the plasmid pcDNA-hSERT (non-tagged) into E.coli 

DH5a, cells were plated out onto ampicillin containing LB plates and left overnight at 37°C 

for colonies to develop. DNA purified from recombinant clones was analysed by agarose gel 

electrophoresis for presence of the construct (Figure 6.4(A)) and additional screening by 

restriction digestion with the enzymes Xba\ and Xhol, ensured the presence of the 2.5 kb 

hSERT fragment (Figure 6.4(B)). Having determined positive clones containing the pcDNA- 

hSERT plasmid, one of these was chosen for sequencing. Sequencing of the 5' and 3' regions 

confirmed that the correct reconstruction was obtained. In addition restriction analysis of two 

of the clones confirmed expected restriction lengths and this is shown in Figure 6.4(C).

6.2.3 Generation of an XbaVKpnl hSERT cDNA gene cassette

In order to express the hSERT as a myc tagged construct, it was necessary that the 

hSERT sequence be sub-cloned into the pcDNA3.1(A) vector in frame to the reading 

sequence, so as to ensure that the c-myc sequence lies at the C-terminus of the hSERT. This 

required cloning of the hSERT sequence as a XballY^nl hSERT cDNA gene cassette by PCR. 

Oligonucleotide primers (Figure 6.5) were designed to specifically amplify the cDNA from a 

region just 5' to the ATG start codon and also 3' to the TAA stop codon. The stop codon TAA 

was thus removed and a K/?«I restriction site introduced into the reverse primer, so as to 

enable cloning of the PCR amplicon into the Xbal and Kp«I sites of the host vector 

pcDNA3.1. This site was chosen carefully on consideration of the multiple cloning site of the 

plasmid vector. The consequence of incorporation of this “new” Kp«I restriction site into 

SERT excludes the need for screening for the correct orientation of the insert.

193



Figure 6.4
Screening of potential pcDNA-hSERT clones

The hSERT insert excised from pCIS.hSERT by restriction digestion with Xbal and X/zoI 

was ligated into the vector pcDNA3.1 and transformed into E.coli DHa5 cells. DNA 

purified from potential pcDNA-hSERT clones were analysed on a 1% agarose gel (Figure 

6.4 (A)), followed by screening for the 2.5 kb hSERT insert by restriction digestion with 

Xbal and Xhol (Figure 6.4(B)). Two of the clones thought to contain hSERT were further 

analysed by restriction digestion with various restriction enzymes (section 2.32) and the 

reaction products analysed by gel electrophoresis on a 1% agarose gel (Figure 6.4(C)). The 

restriction pattern is as expected from the plasmid map (see Appendix for plasmid map).

Figure 6.4(A) 
Lane 1:
Lane 2:
Lane 3:
Lane 4:
Lane 5:
Lane 6:
Lane 7:
Lane 8:

Molecular weight markers (only distinguishable markers are labelled)
clone #1A
clone #1B
clone #1C
clone #2a
clone #2b
clone #2c
pcDNAB.l(A) vector

Figure 6.4(B)
Lane 1: Molecular weight markers (only distinguishable markers are labelled)
Lane 2: clone #1A
Lane 3: clone #1C
Lane 4: clone #1B
Lane 5: clone #2a
Lane 6: clone #2b
Lane 7: clone #2c
Lane 8: pcDNAB. 1 (A) vector

Figure 6.4(C)
Lane 1: Molecular weight markers (only distinguishable markers are labelled)
Lane 2: Uncut plasmid pcDNA-hSERT non-tagged (clone # 1 A)
Lane 3 : Clone #1A Xbal and Xhol digested (5.5 kb; 2.5 kb)
Lane 4: Clone #2c Xbal and Xhol digested (5.5 kb; 2.5 kb)
Lane 5: Clone #1A digested (4800; 1456; 854; 869; 31 bp)
Lane 6: Clone #2c PM  digested (4800; 1456; 854; 869; 31 bp)
Lane 7: Clone #1A EcoRI digested (5550, 2418 bp)
Lane 8: Clone #2c EcoRI digested (5550, 2418 bp)
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Figure 6.5

Creation of an HJjol---- hSERT Kpnl Gene Cassette

PCR Primers for Amplification and Site Directed Mutagenesis of hSERT cDNA
The aim of the PCR amplification was to introduce a Kpnl restriction site at the 3' end of the hSERT cDNA, deleting the stop codon and thus allowing full 

transcription and translation o f the c-myc tag sequence of the vector which is in frame with the C-terminal end o f the hSERT cDNA.

Forward Primer 551: 31 bases 

C G C T C T  A G  A C A G C A G G A T G  G A G A C G A C G C C C ^ '

Xba I initiator metiiionine

Reverse Primer 552:30 bases

*' C G G GT A C C C A C A G C A T T C A A G C G G A T G T C C ^  

Kpn I

\b a l  hSERT K^/iI



Figure 6.6

PCR Amplification of hSERT cDNA cassette

The cDNA was ampUfied from the initiator ATG from the plasmid pCIS.hSERT using primers 

SS 1 & SS 2 (primer details given in Figure 6.5) in the presence of various concentrations of 

Mg^^ and the PCR reaction products examined on a 1% (w/v) agarose gel. The 1916 bp 

amplicon (<—) is shown.

Lane 1: Molecular weight markers (12216, 11198, 10180, 9162, 8144, 7126, 6108,

5090, 4072, 3054, 2036, 1636, 1018, 517, 507 bp). Only distinguishable 

markers are shown.

Lane 2: PCR amplification in the presence of 2.5 mM Mg^^

Lane 3: PCR amplification in the presence of 2 mM Mg^^

Lane 4: PCR amplification in the presence of 1.5 mM Mg^^

Lane 5: PCR amplification in the presence of 1.25 mM Mg^^

Lane 6: PCR amplification in the presence of 1 mM Mg^^

Lane 7: PCR amplification in the presence of 2.5 mM Mg^^ and no DNA template

As a means of further checking the amplicon, a test cleavage was performed using the 

restriction enzyme P^rt. Briefly this was executed as follows. The amplified product was 

cleaned using a High Pure PCR product purification kit from Boehringer Mannheim to remove 

primers. The “cleaned” product was then subjected to restriction digest using the enzyme P^rl 

by incubation for 2 h at 37°C. The resulting sample was then analysed on a 1% agarose gel.

Lane 8; molecular weight markers (12216, 11198, 10180, 9162, 8144, 7126, 6108, 

5090,4072, 3054,2036, 1636,1018, 517, 507 bp)

Lane 9: Psrt digested (854, 720, 331 bp)



1 2 3 4 5 6 7

4072 -------
3054 -------

2036 -------
1636 -------

1018 -------

506,517 -------

1.96 kbp



This cDNA gene cassette was amplified using PCR with a proof-reading enzyme 

called Deep Vent polymerase, which has a lower rate o f error introduction than Taq 

polymerase which is used for standard PCR’s. The cDNA was optimally amplified in the 

presence o f 2.5 mM MgS0 4 . Figure 6.6 shows the expected PCR amplicon o f 1.9 kb. In 

addition, a test cleavage o f the PCR fragment using the restriction enzyme P^rt confirmed the 

expected restriction pattern giving fragments o f 300, 720 and 854 bp (Figure 6.6).

This hSERT gene cassette was purified using a PCR purification kit from Boehringer- 

Mannheim to remove unincorporated primers and was then digested with X6al and Yqjnl. The 

digested PCR product was subjected to gel purification. Similarly, the plasmid vector 

pcDNAB.l (A) was digested overnight with X6al and Kp/jl and gel purified with the kit from 

Boehringer-Mannheim. The cut PCR product was then ligated to the 'Kbal and K/7«I digested 

pcDNA3.1 vector and transformed into competent E.coli D H 5a cells. Following selection of 

colonies from ampicillin containing LB plates, potential clones were screened for the presence 

o f the hSERT sequence by restriction analysis (Figure 6.7). Digestion with Xbal and K/?/?! 

confirmed the presence o f the 1914 bp hSERT insert in several colonies. One o f the clones 

giving positive identification o f the X6aI-hSERT.myc-K/?«I fragment was further digested 

with a variety o f restriction enzymes and the restriction pattern obtained was as expected 

(Figure 6.8). Directional sequencing using pcDNA3.1 (A) sequencing primers was performed 

by MWG-Biotech confirmed the correct sequences were present at both ends.

6.2.4 Transient transfection of hSERT constructs into HEK 293 cells and subsequent 

confirmation of expression by Western blotting and [^H]5HT uptake

In order to test the fiinctionality o f the pcDNA-hSERT (non-tagged) and the pcDNA- 

hSERT.myc constructs, the plasmids were transiently transfected into HEK 293 cells using the 

calcium phosphate method and by use o f the commercial transfection reagent Fugene.
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7190 -------
5126 -------
4072 -------
3054 -------

2036 -------

1636 -------

1018 -------

506,517 -------

Figure 6.7

Restriction Analysis of potential pcDNA-hSERT.myc clones

Five colonies which were thought to contain the hSERT fragment were analysed by restriction 

digestion with the restriction enzymes Xba\ and Kp«I (section 2.32). The reaction products 

were analysed by gel electrophoresis using a 1% agarose gel (section 2.33). The restriction 

pattern is as expected from the plasmid map (see Appendix for plasmid map).

Lane 1: molecular weight marker (Only distinguishable markers are indicated on the

figure above).

Lane 2: uncut vector pcDNA3.1 (A)

Lane 3: clone #23

Lane 4: clone #26

Lane 5: clone #30

Lane 6: clone #31

Lane 7: clone #1



Figure 6.8
Restriction Analysis of pcDNA-hSERT.myc clone by various restriction enzymes

One o f the clones (clone #1) that was thought to contain the hSERT.myc construct was 

analysed further by restriction digestion with various restriction enzymes (section 2.32). The 

reaction products were analysed by gel electrophoreis using a 1% agarose gel (section 2.33). 

The restriction pattern is as expected from the plasmid map (see Appendix for plasmid map).

L an el: Molecular weight markers (only distinguishable markers are labelled in the

figure opposite).

Lane 2: control uncut vector

Lane 3: EcoRI digested

Lane 4: Hindlll digested

Lane 5: Kp«I digested

Lane 6: Xbal digested

Lane 7: P5/I (854,1690, 4740 bp)

Lane 8: BawHI & EcoRI (62, 1408, 5814 bp)

Lane 9: Kp«I & (1914, 5370 bp)

Lane 10: & EcoRI (905, 6379 bp)
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Figure 6.9(A) & (B)

[^H]5HT uptake into HEK 293 cells transiently transfected with pcDNA-hSERT (non

tagged) and pcDNA-hSERT.myc

HEK 293 cells grown in 24-well plates, were transiently transfected with pcDNA-hSERT 

(non-tagged) or pcDNA-hSERT.myc or were mock transfected with empty vector DNA using 

the commercially available transfection vehicle Fugene (section 2.42). [^H]5HT uptake into 

cells was measured 48 h after transfection as described in section 2.17. Briefly, cells were 

incubated with increasing concentrations of [^H]5HT in TBl medium (10 mM HEPES, pH 

7.4, containing 120 mM NaCl, 2 mM KCl, 1 mM CaCh and 1 mM MgCh) for a period of 6 

minutes, followed by washing with ice-cold TBl and cells were lysed using 10% SDS and 

[^H] counted as described in section 2.16. Each point is the mean ± S.E.M of quadruplicate 

wells and non-specific uptake was determined by [^H]5HT uptake into HEK293 cells mocked 

transfected with the empty vector. Specific uptake was calculated by substraction of non

specific uptake into HEK 293 cells from total uptake into HEKhSERT cells. Kinetic constants 

( V m a x  and K m )  were obtained by fitting the data by non-weighted, non-linear regression to an 

equation describing a rectangular hyperbola, using the computer program SigmaPlot. Lines 

represent the best fit and the data shown in the graph opposite is representative of an 

experiment that was carried out three times. Absence of error bars indicates that errors were 

smaller than the size of the symbol used. For these particular experiments, Vmax was 

determined to be 5.06 ± 0.64 and 5.94 ± 0.64 pmol/well/min for pcDNA-hSERT (non-tagged) 

and pcDNA-hSERT.myc, respectively. Km values for these experiments were found to be 0.98 

± 0.34 and 0.96 ± 0.28 jxM for pcDNA-hSERT (non-tagged) and pcDNA-hSERT.myc 

respectively. It should be noted that Vmax values vary according to the transfection effiency of 

the individual experiments.
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Following the transfection, the cells were left at 37°C for up to 48h and then submitted to 

[^H]5HT uptake or else harvested to make cell lysates for analysis o f transporter expression by 

Western blotting.

Measurement o f [^H]5HT uptake into HEK 293 cells showed that both constructs when 

transiently transfected into HEK 293 cells, display [^H]5HT uptake (Figure 6.9). Non-specific 

uptake was determined using mock transfection o f the empty vector pcDNAS.l into HEK 293 

cells. Specific uptake was calculated by subtracting the non-specific uptake from the total 

uptake into HEK 293 cells. Vmax values were recorded between 3 and 7 pmol/well/min with 

Km values ranging from 0.6 and 1 |iM. The variability o f value o f Vmax amongst experiments 

lies with the degree o f variability o f transfection efficiencies among experiments.

The presence o f hSERT in HEK 293 cells was also confirmed using Western blotting. 

Cell lysates were prepared as described in section 2.13 and samples submitted to SDS gel 

electrophoresis using a 9% resolving gel. Following transfer to nitrocellulose, samples were 

blotted using an antibody against the C-terminal portion o f the serotonin transporter. In the 

case o f the hSERT.myc, the expression o f the c-myc fiision protein was confirmed using an 

antibody against the c-myc peptide. Figure 6.10 shows some o f the blots obtained using anti- 

myc and anti-SERT antibodies.

The efficiency o f the transfection methods was tested additionally using x-Gal staining 

against HEK 293 cells transiently transfected with pcDNA3.1 containing a LacZ insert (Figure 

6.11). This was supplied from Invitrogen. Transfection efficiencies for the Ca2P0 4  methods 

varied from 50-90 %, while with Fugene the efficiency ranged from 70-80 %.
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Figure 6.10

Western blot analysis of human SERT transiently expressed in HEK 293 cells

HEK 293 cells were transiently transfected with pcDNA-hSERT (non-tagged) or with 

pcDNA-hSERT.myc as described in section 2.42. Western blot analysis was then performed 

on cell lysates or membranes prepared from these cells using antibodies against the c-myc tag 

or against the C-terminal of the serotonin transporter.

Lane 1: HEK 293 cell membranes (45 |j.g) blotted with anti-SERT antibody

Lane 2: HEK-pcDNA-hSERT lysate (40 |ig) blotted with anti-SERT antibody

Lane 3: HEK-pcDNA-hSERT.myc lysate (40 |ig) blotted with anti-SERT antibody

Lane 4: HEK 293 membranes (45 }j.g) blotted with anti-myc antibody

Lane 5: HEK-pcDNA-hSERT.myc lysate (45 fig) blotted with anti-myc antibody

Lane 6: HEK-pcDNA-hSERT.myc cell membranes (45 jig) blotted with anti-myc

antibody



Figure 6.11 

X-Gal Staining of LacZ Positive Cells

HEK 293 cells were grown in a 10 cm plate until 80% confluent, after 

which they were transiently transfected with the eukaryotic expression 

vector pcDNA-LacZ using the calcium phosphate method as described 

in section 2.41. This vector expresses the enzyme p-galactosidase. 48 h 

post-transfection, the medium was removed and the cells fixed in 

glutaraldehyde (0.05%, v/v, in PBS) for 15 min at room temperature. 

Following fixing, the cells were stained with X-Gal (5-bromo-4-chloro- 

3-indolyl p-D-galactoside) as described in Section 2.42. The black- 

green cells are those that have taken up plasmid DNA and are

positively expressing p-galactosidase. Arrows ( ---- ^  ) indicate some

examples of these cells.



6.2.5 Attempts to produce HEK 293 cell lines stably expressing pcDNA.hSERT(non-

tagged) and pcDNAhSERT.myc are unsuccessful

Having determined that the constructs pcDNA-hSERT and pcDNAhSERT.myc can be 

transiently expressed in a seemly fiinctional form, it was attempted then to generate HEK 293 

cell lines stably expressing the tagged and non-tagged forms o f the human serotonin 

transporter. The HEK 293 cell lines were transfected using Fugene as described in section 

2.42. Selection o f clones expressing SERT were carried out in the presence o f 2 mg/ml G418.

For the construct, pcDNA-hSERT(non-tagged) no single cell clones were ever 

obtained. Very soon (3-5 days) after the introduction o f selection medium, cells died. A 

number of methods were tried in order to encourage clonal growth. Initially it was thought the 

plasmid was not being incorporated into the host cells. The ratio o f DNA to Fugene was 

therefore increased from 3:1 to 6:1. The inverse approach was also tried using more Fugene 

than DNA. The amount o f DNA used was increased from 6 }j,g to 10 |ig and even up to 20 jig 

DNA was used, but clonal growth remained absent. It was also suggested that perhaps, the 

foetal bovine serum o f the cell medium was inducing toxicity when the SERT protein was 

expressed. FBS is known to contain 5-hydroxytryptamine, the natural substrate of SERT. It 

was postulated that the large amounts o f 5-HT present could cause activation o f SERT and an 

excess uptake of 5-HT into the cells with toxic consequences. With this in mind, new medium 

was prepared as normal, but left at 4°C for a number o f days to encourage dissolution o f the 

oxidation-sensitive 5-HT. However, use o f this “old” medium, did not encourage clonal 

growth. Studies by Dr. Chris Tate (personal communication) on the generation o f stable cells 

lines for rat SERT showed that single clonal cells were achieved by the inclusion of the 

tricyclic antidepressant imipramine (concentration 1 |ig/ml) in the growth medium. The theory 

behind this was also based on the fact that 5-HT may be taken up from the FBS contained in
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the cell growth medium. Imipramine being a potent inhibitor o f SERT activity was thought to 

counteract this.

The construct pcDNA-hSERT.myc when transfected into HEK 293 cells did show a 

number o f single cell clones on selection with G418 and these were picked using clonal 

cylinders. Altogether 12 clones were selected for further culturing and analysis. However, it 

was found with time that some of the clones showed signs o f unhealthy morphology, 

appearing rounded and after further passaging died. After several attempts at producing stable 

cell lines expressing pcDNA-hSERT.myc, of the twenty or so potential clones, only six stable 

clones could be maintained. These clones were analysed for [^H]5HT uptake and none o f them 

showed any specific [^H]5HT uptake (Figure 6.12).
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Figure 6.12

Comparison of [^H]5Ht uptake into HEK-hSERT.myc potential stable clones and 

HEK 293 cell stably expressing human SERT (non-tagged)

Potential HEK-hSERT.myc clonal cells and HEK 293 cells stably expressing an 

untagged form of human SERT (HEK-hSERTVi) were plated out into 24 well plates and 

allowed to grow to confluency. The cell line HEK-hSERTVi was a gift from Harald Sitte 

(University o f Vienna). On reaching confluency, the cells were assayed for [^H]5HT 

uptake by incubation with [^H]5HT (0.25 nM) as described in Methods (Section 2.17). 

Briefly, cells were incubated with [^H]5HT in TBl (HEPES, pH 7.5, 140 mM NaCl, 2 

mM KCl, 1 mM CaCl2.2H20, 1 mM MgCla) for 6 min at room temperature, followed by 

washing twice with ice-cold TBl. Cells were then lysed in 10% (w/v) SDS and counted 

for [^H] by liquid scintillation as described in Methods (Section 2.16). The data shown is 

the mean ± S.E.M. o f quadruplicate wells. The uptake into the potential clonal cells is 

compared with the total [^H]5HT uptake into HEKhSERTVi cells. Non-specific uptake 

is defined as that into empty HEK 293 cells. This experiment is representative o f one 

which was carried out three times with similar results obtained in each case.



6.3 Discussion

In this work, attempts were made to produce a HEK 293 cell line stably expressing the 

human serotonin transporter in fusion to a c-myc tag. Though only a few membrane proteins 

have been stably expressed at high levels in mammalian cells, and none known have been 

purified routinely in milligram quantities for structure determination, mammalian cell lines 

offer several compensations over microbial systems for recombinant expression o f membrane 

proteins. The advantages o f mammalian cell lines for the overexpression o f mammalian 

proteins is that they offer a more native environment for heterologous expression, having 

machinery such as chaperones, accessory proteins and glycosylation enzymes to aid with 

effective post-translational modifications, protein processing and folding (Grisshammer and 

Tate, (1995).

As the serotonin transporter is a polytopic mammalian membrane protein, it would 

seem that a microbial system is not a truly suitable host for recombinant expression. Indeed, 

studies described by Baker (1997) showed that in E.coli and Pichia pastoris though capable of 

producing milligram quantities o f SERT, the protein obtained failed to have the full activity of 

the native transporter. Attempts to improve expression by use o f different vectors, co

expression with chaperones (Baker, 1997) and indeed substitution o f ergosterol by cholesterol 

in the yeast expression system (see Chapter 4 o f this thesis) imply that higher eukaryotic 

expression systems such as mammalian cell lines are for the present better capable of 

producing active SERT protein to further investigative studies. The HEK 293 cell line was 

chosen as host for the over-expression o f hSERT-myc as it has been the expression host for 

many membrane proteins, including SERT (Schloss et al. 1995, Rudnick et a l,  Blakely et al, 

Sitte et al.).

The cloning manipulations required in order to produce a plasmid consisting o f hSERT 

tagged with c-myc were carried out in DHa5 E.coli cells. A cDNA cassette consisting o f the
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X bal hSERT K/?«I construct was cloned from the hSERT sequence in pClS. This

cassette was then ligated into the plasmid pcDNA3.1(-)/Myc-His such that the hSERT 

sequence was inserted in frame with the vector sequence leaving the c-myc tag lying C- 

terminal to hSERT. The presence of a ftision protein such as c-Myc and polyhistidine tags 

offer many advantages, including a convenient method o f detection, e.g. by immunoblotting 

with antiserum raised against the fusion partner and also enable the purification by affinity 

chromatography methods. Having deemed that the hSERT was in frame with the vector 

sequence and that the sequence was correct, transient transfection studies o f the pcDNA- 

hSERT.myc plasmid into HEK 293 cells were performed. In addition to producing a pcDNA- 

hSERT.myc plasmid, the original cDNA expressing hSERT from the vector pCIS was directly 

ligated into pcDNA3.1(-)/Myc-His and transformed into D H 5a E.coli cells for plasmid DNA 

preparation. Following transient transfection of human embryonic kidney (HEK) cells with 

either pcDNA-hSERT.myc or pcDNA-hSERT (non-tagged), expression o f the transporter

could be observed by the ability o f the cells to uptake [^H]5HT. The uptake was found to be 

saturable, and the Km values were determined to be approximately 0.8 ±0.2 for both 

constructs. These values are in agreement with Km determinations for the rat serotonin 

transporter expressed in HEK cells (646 ± 59 nM, Schloss and Betz, 1995), in HeLa cells (893 

± 173 nM, Agnel et al., 1996) and CV-1 cells (529 ± 107 nM, Hoffman et al., 1991). These 

values also conform with Km values reported for the over-expression o f hSERT in HEK cells 

(0.4 ± 0.1 i^M, Schloze et a l,  2000) Western blot analysis with anti-SERT antibodies and 

[^H]5HT uptake into the cells confirmed functional expression. Hence, it was clear that both 

constructs were capable o f directing synthesis o f a fully active serotonin transporter in a higher 

eukaryotic expression system
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Attempts to produce stable HEK 295 cell lines expressing the two forms of SERT 

however proved to be unsuccessful. In the case o f transfection with the untagged SERT 

plasmid, shortly after selection with G418, all o f the cells died. Since it was thought that the 

plasmid was not being maintained by the cells or was perhaps toxic to the cells, a number of 

approaches such as alteration o f the ratio o f Fugene: DNA, use o f medium with a lower 

concentration o f FBS, or medium which had been fiilly prepared but was then left to “age” 

were tried in an effort to encourage clonal cell growth. However, all o f these attempts failed to 

encourage further growth of the cells after transfection.

In the case o f the w>'c-tagged hSERT, single clonal cells were obtained. Initially 

twelve clones were selected for ftirther passaging and analysis. This number was reduced over 

time to six clones due to death o f the other six clonal cells on ftjrther passaging. Again the 

reason for the cell death cannot be fially explained. Perhaps it is a case that the FBS somehow 

induces activation o f the SERT protein to uptake excess 5HT from the serum, thus causing 

toxicity to the cells. In an effort to combat this, the tricyclic antidepressant imipramine was 

added to the growth medium so as to inhibit the activity o f SERT. However, this did not seem 

to have any effect. The remaining viable six clones were passaged further and analysed for 

functional hSERT by [^H]5HT uptake and these failed to show significant specific uptake of 

[^H]5HT when compared to empty HEK 293 cells. Thus, it seems that these clones were either 

“false-positives” i.e. cells which may be resistant to G418 selection or perhaps it could be that 

the protein is never fully processed to the membrane and remains aggregated intracelluarly. 

Further analysis o f this was not carried out.

It remains unclear as to why the stable cell lines are not functional and the 

explanation(s) can only be surmised. It was suggested that perhaps the 5' o f the cDNA is not 

optimal for translational competence. The conditions for optimal translational efficiency of 

expressed mammalian genes have been studied extensively. As a result, the inclusion o f the
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Kozak sequence in eukaryotic cDNA has been recognised to be of benefit and increase 

translation efficiency. The Kozak sequence is defined by the following sequence:

ACC/ACC ATG

and is normally inserted before the initiating ATG of the cDNA gene expression constructs. In 

the case of the vector, pcDNA3.1, this sequence is not constitutively present and must 

therefore be cloned into the SERT sequence. It’s also been shown that the secondary structure 

of the 5' untranslated region (UTR) of many genes can potentially inhibit expression in a 

recombinant system. In the case of hSERT cloning, the Kozak sequence was not included in 

the expression construct. Studies by Dr. Sandra Horschitz (Mannheim, personal 

communication) on the stable expression of rat NET in HEK 293 cells achieved a higher and 

more fianctional expression (20-fold higher) of the NET when the Kozak sequence was 

included in the cloning procedure.

Another suggestion as to why these clonal cells were not functional was that perhaps 

the vector was never properly integrated into the cellular genome. Linearisation of the vector 

sequence prior to transfection has been shown to aid functional integration of the vector into 

the sequence. This is thus also something that could be tried in future studies. Initially it was 

speculated that somehow the myc tag located on the C-terminus is a hindrance to the 

fiinctional expression of the myc tagged hSERT and prevents the correct insertion and folding 

of SERT in the membrane. However, since no stable cell line was generated either for the 

untagged SERT and the fact that the tag does not alter hSERT fixnction when the protein is 

transiently expressed makes this unlikely. Thus, the reason(s) as to why the generation of these 

stable cells lines failed remains abstruse.

Due to a time limitation, further attempts to generate stable cell lines was not carried 

out. Several groups have managed to produce stable cell lines expressing human SERT. For 

example, Schloze et al. (2000) managed to successfiilly stably over-express hSERT as a GFP-
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tagged protein in HEK 293 cells using the calcium phosphate method o f transfection. Qian et 

al. (1997) stably expressed hSERT using plasmid pRc/CMV and the liposome-based 

transfection reagent Lipofectin in HEK 293 cells. These examples prove that it is possible to 

generate stably expressing hSERT cell lines. With regards the present study, future studies 

could focus on a new cloning strategy for the hSERT into pcDNA3.1(-)/Myc-His A with 

inclusion o f the Kozak sequence in addition to consideration that it may be a combination of 

factors which are required to produce stable cell lines o f hSERT. In addition, perhaps an 

alternative expression vector and transfection method could be tried.
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Concluding Remarks

The mammalian serotonin transporter, being an important modulator of 

serotonergic transmission and its association with several psychiatric maladies, has meant 

that it has been the focus o f a wealth o f research over the last thirty years, with each study 

endeavouring to uncover various aspects of this integral protein’s intricacies. However, 

despite much time and effort, there still remain missing large pieces o f the structure- 

fiinction and pharmacological puzzle of the serotonin transporter. A small fraction of this 

puzzle is provided for by the present study.

The demonstration that tricyclic antidepressants and selective serotonin re-uptake 

inhibitors bind specifically and with high affinity to the serotonin transporter (Raisman et 

al., 1979; Langer et al., 1980) has meant that extensive work has been carried out on the 

binding characteristics, regulation and mechanistic workings of the serotonin transporter. 

Though the transporter is present in relatively low abundance in the native sources such as 

placental brush-border membranes (2.8 pmol/mg, Ramamoorthy et al., 1993b), platelet 

membranes (0.8 pmol/mg in, Philips et al., 1984) and brain membranes (0.5 pmol/mg / 

<0.01% of membrane protein; Graham et al., 1992), advances in molecular cloning and 

heterologous expression of fianctional SERT in systems such as Xenopus oocytes and 

mammalian cell lines has allowed for functional comparisons in heterologous systems, 

where experimental conditions can be tightly controlled and influences and functional 

contributions from other receptors, ion channels and transporters can be eliminated.

However despite the advances made in the molecular biology to date, the 3- 

dimensional crystal structure of SERT remains unknown, the determination of which is 

essential to the elucidation of the transporter mechanisms and drug interactions. The reason
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for this stem from the large size and high hydrophobicity o f the protein, which does not 

lent itself to functional over-expression in microbial systems to produce the large amounts 

of active, properly folded protein necessary for crystallisation and subsequent structure 

studies (Tate, 1998).

Previous studies by Baker (1997) utilised two microbial systems for the attempted 

over-expression of the rat serotonin transporter, they being the prokaryotic, Escherichia 

coli, and the other the eukaryotic, methylotrophic yeast, Pichia pastoris. In both systems, 

although high-level expression could be obtained, the expressed protein did not appear to 

exhibit the activity of the protein found in native platelet or synaptosomal membranes or 

indeed when compared with stable cell lines derived from mammalian cells. It was 

however thought to be of a low affinity form, evidenced from ligand binding studies. 

Further studies by Baker (1997) examining the heterologous expression of rSERT by the 

baculo-virus/Sf9 expression system demonstrated a dependence on membrane cholesterol 

for SERT activity, hinting that perhaps cholesterol is essential to successfiil over

expression of the transporter.

Since yeast do not constitutively contain cholesterol, instead having the related 

sterol ergosterol, it was postulated that perhaps the reason for the poorly folded/low 

affinity form of the rSERT may relate to the absence o f membrane cholesterol. The first 

part o f the present study was designed to investigate the effect of substituting cholesterol 

for membrane ergosterol on the folding o f the rSERT in Pichia pastoris. Much evidence is 

available supporting a role for cholesterol in not only maintaining and supporting the 

structural integrity of mammalian membrane proteins, but also at modulating protein 

activity (reviewed by Yeagle, 1991; Burger et a l, 2000).

Introduction of cholesterol into Pichia pastoris cells was carried out by both in vivo 

and in \itro methods of incorporation. The in vivo method utilised metabolic inhibitors
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acting to disrupt activity of HMG-CoA Reductase, the rate-limiting step o f the pathway 

producing the yeast sterol ergosterol. The in vitro approach utilised the cyclic 

polysaccharide methyl-(3-cyclodextrin’s ability to not only selectively remove sterol from 

membranes, but also to conversely shuttle sterol into membranes. Sterol manipulation by 

methyl-P-cyclodextrin was initiated by Gimpl et al. (1995) and Klein et al. (1995) 

focussing on mammalian cells and the present study extends the use of methyl-P- 

cyclodextrin to microbial systems. Using these methods of incorporation, it was found that 

it was indeed possible to incorporate up to 50 |ag/ml cholesterol into Pichia membranes, a 

quantity which is approximately half that present in mammalian cell lines such as CHO 

(Pang et al., 1999) and HEK 293 cells. However, examination of saturable binding of 

[^HJimipramine to Pichia-rSERT  membranes containing cholesterol incorporated by both 

methods, afforded no significant improvement in the binding. Only a 2-3 fold increase in 

saturable binding was seen, a fraction o f what was required for fully ftinctional, correctly 

folded SERT. It was speculated that the slight increase in saturable binding may result 

from increased stability due to the presence of cholesterol. It has also been speculated that 

the saturable binding present in SERT is due to a small amount o f high affinity transporter, 

masked by a huge amount o f low-affmity, poorly folded transporter. It may be that a 

combination o f factors, including cholesterol, are necessary to modulate and direct 

functional folding o f SERT.

Much research has revealed that protein folding, particularly membrane protein 

folding, is a complex world requiring the participation of many players, with current 

models o f protein folding rather inadequate when extrapolated to the cytosol. There is 

considerable difference between the cosy world of the model test-tube and the chaos and 

complexity of the cellular environment. Tate and co-workers (1999) recently suggested
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that one of the reasons for large quantities of unfolded SERT heterologously expressed by 

Sf9 insect cells may be due to the absence of particular molecular chaperones and 

demonstrated a 3-fold enhancement in the expression of SERT when co-expressed with the 

chaperones calnexin, BiP and calreticulin. They could also show physical interaction 

between the transporter and the chaperones. Chaperones are known to function in the 

protein-folding pathway, in the prevention o f protein disaggregation and protein 

translocation (reviewed by Ellis and van der Vies, 1991; Hartl, 1996). Although 

mammalian chaperone analogues exist in yeast (such as the BiP analogue Kar2), it may be 

that they do not act in a specific enough manner to manage the folding of all mammalian 

membrane proteins heterologously expressed in yeast strains. It would be of interest to try 

a combination of “therapies” such as cholesterol inclusion and co-expression with 

mammalian chaperones together to attempt to encourage improved folding of the SERT.

If an approach such as that described above could greatly improve the folding of 

SERT, then protein could be purified and refolded to its native conformation by means of 

reconstitution studies, perhaps with the inclusion of cholesterol in the liposomes to aid with 

stabilisation and folding. In this regard, the devising of an appropriate reconstitution 

protocol will be necessary. However, it may be concluded that much effort and 

manipulation of this system is required if successful expression of functional rSERT by 

Pichia pastoris is to ensue. Since the cholesterol substitution in Pichia pastoris failed to 

improve the folding of rSERT, it was decided to continue studies using a mammalian 

heterologous expression system for SERT. A HEK 293 cell system was thus chosen for 

furthering studies.

Cholesterol was found to modulate both the antidepressant binding and uptake 

activities of the serotonin transporter expressed in HEK 293 cells and the effect was 

interpreted as a direct effect on the conformation o f the protein. Reduction of membrane
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cholesterol by methyI-(3-cyclodextrin was found to be deleterious to [ H]citalopram 

binding and [^H]5HT uptake, affecting not only the affinity for the ligand and substrate, 

but additionally affecting the rate of uptake and the amount of functional binding sites. It 

was also demonstrated that re-introduction of cholesterol using a complex of methyl-P- 

cyclodextrin-cholesterol is possible and the re-introduction of cholesterol also results in the 

recovery of [^HJcitalopram binding previously lost on cholesterol depletion. The inability 

o f other steroids such as pregnenolone and the yeast-specific sterol ergosterol to substitute 

for cholesterol and rescue binding would suggest that the effects conferred by cholesterol 

are structure-specific and that removal o f cholesterol causes the transporter to alter its 

conformation to a state that is unstable/unfolded and inactive. Additional studies using 

filipin and cholesterol oxidase demonstrated that this requirement on cholesterol is 

independent of the biophysical property of membrane fluidity.

To determine the true function o f cholesterol with regards SERT and to 

demonstrate a direct interaction o f SERT, further studies are necessary. In the 

physiological sense, there are many studies reporting an association of low serum 

cholesterol and suicide relating to depression. The association o f SERT with the affective 

disorders such as depression has led to an increased speculative link between SERT 

dysfunction and cholesterol, however these have yet to be proved with concrete evidence. 

It may be more likely that membrane cholesterol in any case functions in a structural and 

on-site regulatory capacity.

The mechanistic mode of protein modulation by cholesterol has become an area of 

intense research. Studies initiated by Simons and Ikonen (1997) have revealed that the 

organisation of membrane proteins and cholesterol may occur in what are known as “lipid 

rafts”, membrane microdomains rich in tightly packed sphingolipid and cholesterol, which
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in addition to supporting membrane proteins in situ, are involved in numerous cellular 

events such as protein trafficking and signalling. These domains are characterised by a 

resistance to detergent solubilisation and a low buoyant density. Caveolae represent a well- 

studied subpopulation of lipid rafts and contain the cholesterol-binding caveolin. 

Biochemical isolation of raft domains has demonstrated that certain proteins target to these 

subcellular compartments, whereas others are excluded.

Immunoprecipitation studies have suggested and association of caveolin and SERT 

and this is an area requiring further exploration, as this may have implications concerning 

protein internalisation and exocytosis. The use o f fluorescent tag such as GFP and 

fluorescent antibodies provide an excellent means o f localising proteins within the cells. 

The use of these antibodies combined with the technology o f confocal microscopy will 

provide a mean of determining whether or not SERT and caveolin associate together 

within the membrane. In addition to this, the association of cholesterol with these proteins 

could also be determined by means of the cholesterol binding fluorochrome filipin. 

Isolation of lipid rafts and caveolae, followed by co-immuoprecipitation of caveolin- 

associated protein may provide evidence of an in vitro interaction o f SERT and caveolin. 

Alternatively, a GFP-tagged SERT could be utilised to monitor the trafficking of the 

transporter on cholesterol depletion.

If it is found that cholesterol shows a direct interaction with SERT, it would be of 

interest to determine if SERT possesses a cholesterol binding pocket, as has been reported 

for the peripheral benzodiazepine receptor by Li et al. (2001). In theory, the effect of 

cholesterol on the structural status o f SERT could be investigated by means o f circular 

dichroism (reviewed by Fasman, 1996), perhaps using a similar approach as was taken by 

Petrescu and co-workers (2001) in their study on the steroidogenic acute regulatory 

protein. Direct interaction of cholesterol and SERT could also in theory be carried out by
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means of a fluorescent cholesterol, such as cholestatrienol. This molecule was used in 

studies by Alberts et al. (1996) to provide evidence for an interaction between cholesterol 

and the G-coupled receptor rhodopsin.

The current pharmacological state of SERT research sets the scene for rapid 

advances in structure-function knowledge. In recent years, biochemical and 

pharmacological analysis of mutated serotonin transporters and their chimeras has allowed 

the identification of distinct regions and specific amino acid critical for drug/ion binding 

and for the Na^-dependent translocation of substrates. Much structural and 

pharmacological information can be obtained by comparing species variants of transporters 

and the use of radioligand binding analysis to track functional properties of each species is 

useful. Such comparisons also provide a good starting point for identifying species-specific 

properties that future chimeric studies could localise. In the presented study, pharmacology 

variability was examined between the rat and human serotonin transporters when 

heterologously expressed in the mammalian cell line HEK 293. Some insight was gained 

from the competitive binding studies as to the nature o f the binding sites for 

[^HJimipramine and [^H]citalopram, suggesting the presence of two conformational states 

for the imipramine binding site on the rSERT molecule. Subtle differences were observed 

between the rat and human SERT under the temperature dependent binding experiments. 

The kinetic data also revealed subtle differences for the transporters on examination of the 

dissociation data.

Future studies into the comparison o f rat and human SERT pharmacology will 

focus on further detection on kinetic differences between the species. Combining 

pharmacological, electrophysiological and chimeric studies will certainly provide insights 

into the molecular mechanisms underlying the species variability and those underlying the 

conformational changes of the transporter during substrate transport and drug binding. The
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ultimate goal of studies such as these is to provide insight into how the proteins may be 

altered in disease states and more importantly provide a basis for targeting by therapeutic 

agents.

Monoclonal antibodies provide an excellent tool for the advancement of structure- 

function and localisation studies of membrane proteins. The range of antibodies against the 

serotonin transporter at present is limited. However, the engineering of heterologous 

expressed proteins, which are tagged, provides an alternative method for detection of 

proteins by means of antibodies directed against the “tag”. Attempts at producing a stable 

mammalian cell line expressing a c-myc tag human serotonin transporter were 

unsuccessful. Although transient transfection resulted in the expression of a fially active 

transporter, thus ruling out deleterious mutation of the serotonin transporter cDNA, the 

isolation of clonal cells failed. The reasons for this can only be speculated and it has been 

suggested to be associated with the absence of the Kozak sequence.

Future directives in stably expressing this tagged-SERT will have to rethink the 

cloning strategy for inclusion of this seemly important sequence and perhaps the use of 

other transfection techniques may be more suited to the permanent expression of the 

transporter. The possibilities for use of such a cell line with protein tags would greatly aid 

localisation studies, in addition to providing an alternative means of purification. 

Additionally, many tags have proven useful in the purification and crystallisation of 

membrane proteins by means o f antibody Fv fragments (Ostermeier et a l ,  1995 & 1997) 

and if  enough purified protein could be isolated from cell lines such as these, this could 

represent a convenient method for producing crystals to further structure-function studies.

In conclusion, this study has revealed several aspects of the structure-function and 

pharmacology of the serotonin transporter. The finding that the activity o f the transporter is 

structural dependent on cholesterol paves the way for further investigations into the role
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that cholesterol plays in modulating the transporter, be that dependent or independent of 

lipid rafts. The revelation o f several species-related pharmacological differences poses 

many as yet unanswered questions relating to the mechanistic actions o f antidepressants. 

Thus, the characterisation of structure-function and pharmacology of the transporter 

continues and it is likely that the findings of this investigation will have consequences for 

future study directives into this interesting and diverse membrane protein.
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Appendix I

a :
oo

LU

3* A0X1 (TT)
Not I

Sal I 
Stu I

pHIL-02
8.2 kb

Not

Comments for pHIL-D2:
8209 nucleotides

5' AOX1 promoter fragment: bases 14-941 
5' AOX1 primer site: bases 868-888 
EcoR I Site: bases 956-961 
3' AOX1 primer site: bases 1036-1056 
3' AOX1 transcription

termination (TT) fragment: bases 963-1295 
H/S4 ORF: bases 4223-1689 
3’ /AOXf fragment: bases 4578-5334 
Am p Id i ii n re sista nee gen e: ba se s 5686-6546 
f1 origin of replication; bases 7043-6588 
ColEI origin: bases 7138-7757

pHIL-D2 MCS

Jfc A3X?n««ASand(83;l

ACAGGCAATA TATAAACAGA AGGAAOCTGC OCTCTCTTAA A C fiT lT T T T  TTATCATCAT TATTAGCTTA

5 S>a(a8».8BB|

CTTTCATAAT TCCGACTOGT TCCAATTaAC AACSCrTTTGA TTTTAACGAC TTTTAACGAC AACTTGAGAA 
Raimnng 'A' of Ihs naUmAOXrA'RjT 

I FcoRI

QOAATTCGCC TrAGACATSA CTC3TTCCTCA GTTCAAjXTTS 

3 AO Xf Piimat Site 11006-10381
03CATTA03A GAAGACX33GT CTTGCTAGAT TCTAATCAAG AGGATGTCAG AATaCCATTT GCCTOAGAGA

40Xyn<^W 3 and (1127)

TGOiiGGCrrC ATTTTTGATA CTTTnTATT TGTAACCTAT ATACTATAGG ATTTTTTTTG T o i
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Appendix II

CO c c myc epitope 6xHis

t > — =

^  C D ^  0  O  £  C L C 'g  
£  0 ^ 3 < ^ , 0  "3 cti «o S  < ^  >< 5  CQ UJ Uj QQ CQ

d g BW a i ff TtfT J g B M S E B »yc.H is^ (-) A  
5523 nucleotides

CMV promotQr: bases 209-863
T7 promoter/^jriming site: bases 863-882
Multiple cloning site: bases 895-1006
myc epitope; bases 1007-1036
Polyhistidine tag: bases 1052-1069
BGH revGfse priming site: bases 1113-1130
BGH polyadenylation signal: bases 1116-1343
f1 origin: bases 1389-1817
SV40 promoter and origin: bases 1844-2153
Neomycin resistance gene: bases 2228-3022
SV40 polyadenylation signal: bases 3196-3326
pUC origin: bases 3709-4382
Ampicillin resistance gene: bases 4527-5387

pcDNAS

There are two Ape I sites 
in verBion A only.

There are twoXto I sites 
in version B only.

pcDNA3.1/m yc-His® (-) A M CS

C A A T

7 4 1  A A A rC T C G T A  A C A A C T C C G C  C C C A T T G A C G  CA A A T O O O C G  G T A G G C G T O T  A C G G T G a C A G

I I I puU tive traiucripriom il ilart
8 0 1  G T C T A T A T A A  G C A C A G C T C T  C T G G C T A A C T  A G A G A A C C G A  C T G C T T A C T G  G C T T A T C G A A

T 7  p r o m o te r i i r i i i i in B  « l c  / i /h e  I A a a  I*  X b a  I
I  1 I I I

8 6 1  A T T A A T A C G A  C T C A C T A T A G  G G A G A C CC A A  O C T G G  C T A  G C G  T T T  A A A  C O O  GC C  C T C
L e u  A l a  p h a  L y s  A r g  A l a  L e u

Alio I .Voil flwX I* £W )RV  / ic o R l 1»
I I  I I I  I

9 1 7  T A G  A C T  CGA GC G GCC G O C  A C T  G T G  C T G  G A T  A T C  T G C  A G A  A T T  C C A  C CA  C A C
* * •  T h r  A r g  A l a  A l a  A l a  T h r  v a l  L e u  A s p  l i e  c y s  A r g  l i e  P r o  P r o  H i s

I K pn\ /And III _______ Apa I* wvrcpitopc_____
9 6 8  T G G  A C T  AGT GG A T C C  GA.G C T C  GG T A C C  AA G C T T  IGGG C C C i  OAA C A A  A A A  C T C

T r p  T h r  S o r  a l y  S e r  G l u  L o u  G l y  T h r  L y s  L o u  G l y  P r o  G l u  G i n  L y s  L o u

Polyhutidinc
I I----------------- -— ------------------ 1

1 0 1 9  A T C  T C A  GAA GAG GAT CT'G A A T  AG C  G C C  G T C  G A C  C A T  C A T  C A T  C A T  C A T  C A T
l i d  s e r  G l u  G l u  A s p  L «  u  A s n  s e r  A l a  v a l  A s p  H i s  H i s  H i s  H i s  H i s  H i s

./f// U BCH  Rcvrnie prim ing lite

1 0 7 0  T G A  G T T T A A A C G G  T CTC CA G cC TT  A A G T T T A A A C  C C C T G A T C A G  C C T C G A C T G T  G C C T T C T A
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Appendix III

Antibodies

Antibody Source Working
concentration

Company

Anti-SERT
ST -20

Goat polyclonal IgG against 
C-term (originally mapped 
against human SERT but is 
reactive against mouse and rat 
SERT

Western blot: 0.1 |ag/ml 

Immunoprecipitation; 10 |Xg

Santa Cruz 
Biotecnology

Anti-caveolin
Sc-894

Rabbit polyclonal IgG against 
N-terminus (originally mapped 
against human Caveolin 1, but 
is mouse and rat reactive).

Western blot: 0.1 )J.g/ml 

Immunoprecipitation; 10 jxg

Santa Cruz 
Biotecnology

Xni\-c-myc
3800-1

Mouse IgG 1 monoclonal 
antibody

Western blot: 0.1 |ag/ml
Clontech
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a b s t r a c t ; The synaptic actions of the neurotransmitter serotonin are terminated by a selective high- 
affinity reuptake mediated by the serotonin transporter (SERT). To gain insight into the modulation of 
the functional properties of this integral membrane protein by cholesterol, a main component of the lipid 
bilayer, we stably expressed the rat SERT in human embryonic kidney 293 cells and, upon altering the 
cholesterol content of these cells by different means, analyzed SERT activity. Depletion of the level of 
membrane cholesterol by treatment with either the cholesterol chelating agent methyl-/9-cyclodextrin 
(M/SCD), cholesterol oxidase, or the cholesterol-binding fluorochrome filipin resulted in a decrease in 
SERT activity due to both a loss of affinity of substrate and hgand binding and a concomitant reduction 
of the maximal transport rate. In cholesterol-depleted membranes, cholesterol levels could be restored to 
those found in untreated membranes by incubation of the membranes with an M^CD—cholesterol complex, 
which correlated with a reversal of the cholesterol depletion-mediated decrease in the level o f high- 
affinity binding. This was not the case when other steroids, such as ergosterol, 5-cholestene, or pregnenolone, 
were substituted into cholesterol-depleted membranes. These results suggest that membrane cholesterol 
modulates the functional properties of the SERT by specific molecular interactions which are needed to 
stabilize the transporter in its optimally active form.

In the central nervous system, serotonergic neurotrans
mission is terminated by high-affinity reuptake of serotonin 
(or 5-hydroxytryptamine, 5-HT)‘ fit>m the synaptic clefl. The 
serotonin transporter (SERT) is a member of the Na"̂ - and 
Cl~-dependent neurotransmitter transporter family which also 
comprises transporters for norepinephrine, dopamine, y-ami- 
nobutyric acid (GABA), and glycine (i, 2). The serotonergic 
system is known to modulate numerous physiological and 
behavioral functions. Among other findings, a reduced 
activity of serotonergic neurotransmission has been postu
lated for the pathogenesis of depression (3, 4). Because the 
SERT clears the synaptic cleft of the neurotransmitter, it 
plays a crucial role in serotonergic neurotransmission by 
controlling the concentration of the free, active neurotrans
mitter in the synaptic cleft. Hence, drugs blocking the 
serotonin transporter, thereby elevating extracellular serotonin 
levels and potentiating serotonergic actions, have been 
successfully used for the treatment of depression. Besides 
being affected by antidepressants, the SERT also represents 
the target for amphetamine-induced 5-HT release. Among 
other psychostimulants, MDMA (“Ecstasy”) and p-chloram- 
phetamine (PCA) have been found not only to competitively 
inhibit 5-HT transport but also to stimulate previously

 ̂This work was supported by the Deutsche Forschungsgemeinschaft 
{SCHL 353/4-1 to P.S.), EU TMR Contract CT98-0277 to D.C.W., 
and a BioResearch Ireland training studentship to S.M.S.
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’ Abbreviations; SERT, serotonin transporter; 5-HT, 5-hydrox

ytryptamine; GABA, y-aminobutyric acid; GAT, GABA transporter; 
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accumulated [^H]-5-HT efflux by reversed membrane trans
port, thus implicating the serotonin transporter as a 5-HT— 
amphetamine exchange system (5—8).

In addition to inhibition of SERT activity via exogenous 
drug binding, endogenous regulation of SERT functional 
properties by intracellular processes also has been investi
gated. Several studies reported on the regulation of SERT 
activity via intracellular Ca^^, nitric oxide, and cGMP (9, 
10), and an important means of modulating SERT activity 
seems to involve phosphorylation and dephosphorylation of 
this protein by various kinases and phosphatases (11—16). 
In particular, modulation by activation of protein kinase C 
(PKC) has been extensively investigated. It has been shown 
that activation of PKC results in a marked reduction in 
serotonin transport activity without affecting substrate af
finity. Interestingly, stimulation of PKC has been shown also 
to downregulate the transport activity of the homologous 
transporters for GABA (77, 18% glycine (19, 20), and 
dopamine (21). These findings may suggest a common 
mechanism for PKC modulation of these related transporter 
proteins. When these effects were studied in more detail 
using cells expressing recombinant SERT proteins, biotin- 
ylation/immunoblot analyses revealed that the PKC-induced 
reduction of transport activity was due to a decrease in the 
level of cell surface-expressed serotonin transporter mol
ecules (13).

In addition to these protein-mediated regulatory mecha
nisms, the composition of the lipid bilayer has also been 
reported to influence the activity of transporter proteins. 
Being an important constituent of the eukaryotic plasma 
membrane, cholesterol has been well established as having 
a profound effect on the physical state of the phospholipid
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membranes. Changes in the cholesterol content of biological 
membranes are known to alter the lipid fluidity and thus 
membrane integrity (22, 23). It has been demonstrated that 
cholesterol is required for the optimal reconstitution of the 
GABA transporter (GAT) purified from rat brain, and studies 
on the specificity and potency of the sterol’s effects indicated 
that this was likely to be due to a direct interaction with the 
transporter protein {24). In our study, we have investigated 
whether membrane cholesterol also modulates the functional 
properties of the serotonin transporter stably expressed in 
HEK-293 cells (HEKrSERT) with respect to substrate 
transport and antidepressant binding efficacy. To this end, 
in the first approach we reversibly altered the cholesterol 
content of HEKrSERT cells by using methyl-/S-cyclodextrin 
(M)3CD) as a cholesterol chelator and conversely sterol— 
M^CD complexes as sterol donors to replenish cholesterol- 
depleted membranes. In another attempt, we analyzed 
transporter—ligand interactions after treating the membranes 
with cholesterol oxidase. Cholesterol oxidase converts 
cholesterol into the functional inactive steroid 4-cholesten- 
3-one which does not alter membrane fluidity (25). Thus, 
this allowed us to distinguish between specific cholesterol— 
transporter interactions and indirect cholesterol effects due 
to changes in the physical state of the plasma membrane 
which may in turn modify SERT functional properties. In 
addition, we also analyzed the effect of the cholesterol- 
binding fluorochrome filipin on SERT activity. The results 
obtained in these studies provide evidence that specific 
binding of cholesterol to the SERT is needed to stabilize 
the transporter in its fully active form.

MATERIALS AND METHODS
Materials. ^H-labeled citalopram (82 Ci/mmol) and ^H- 

labeled 5-HT (10.2 Ci/mmol) were purchased from Amer- 
sham and NEN, respectively. Cyclodextrins (a-, methyl-/?-, 
and y-), cholesterol, Ae cholesterol assay kit filipin complex, 
and cholesterol oxidase were all purchased fi-om Sigma. All 
other chemicals were analytical grade.

Membrane Preparation. HEKrSERT membranes were 
prepared as previously reported. Briefly, cells in 10 cm dishes 
were washed once with PBS (without Ca^  ̂or Mĝ '*'); 2 mL 
of PBS was then added to the cell monolayer, and the cells 
were scraped off with a 32 cm scraper and homogenized 
using a Polytron PT-10 instrument. This cell lysate was then 
centrifuged at 351 g for 3 min, and the supernatant was 
centrifuged at 37000g for a further 20 min. The resulting 
pellet was resuspended in 120 fih  of PBS containing 5% 
(v/v) glycerol per 10 cm plate using 10 strokes of a Dounce 
glass homogenizer. The protein concentration was determined 
using the Markwell assay (25). The aliquoted membranes 
were stored at —80 °C.

pH]Citalopram Binding Assay. Binding of pHJcitalopram 
to HEKrSERT membranes was performed as described 
previously (27). Saturation binding was performed at room 
temperature using 25 [ig of membrane protein in a total 
volume o f200 (iL of assay buffer containing 0—24 nM pH]- 
citalopram. Nonsaturable binding was assessed in the pres
ence of 50 [jM  unlabeled citalopram. All binding data were 
analyzed by nonlinear regression using SigmaPlot (SPSS 
Science Software).

pH]-5-HT Transport. 5-HT uptake was performed as 
described previously {28). Briefly, HEK 293 cells were plated

into 24-well dishes (2 cm in diameter) which had previously 
been treated with poly(L-lysine) (0.1 mg/mL) and allowed 
to grow to confluency. The culture medium was replaced 
with TBl buffer (200 fA.) containing 120 mM NaCl, 2 mM 
KCl, 1 mM CaCl2, 1 mM MgCh, and 10 mM HEPES (pH 
7.5) with various concentrations of 5-HT (0.25—5.125 /fM) 
using 250 nM [^H]-5-HT as a tracer. After 6 min at room 
temperature, the medium was removed quickly and the cells 
were washed twice with ice-cold TBI before being lysed 
with 10% (w/v) SDS. The amount of radioactivity was 
determined by scintillation counting. The specific level of 
5-HT uptake is determined as the difference between SERT- 
mediated and control HEK293 uptake in parallel culture 
dishes. All transport measurements were analyzed by non
linear regression analysis using the graphics program Sig
maPlot.

Determination o f the Cholesterol Content o f HEK293 
Cells. Cholesterol content of membranes was determined 
spectrophotometrically using the Sigma cholesterol oxidase- 
based assay kit. Briefly, membranes (250—1000 fig of 
protein) were resuspended in 50—100 fjL of HEPES buffer, 
and cholesterol reagent was added (1 mL). Samples were 
incubated at 37 °C for 10 min, followed by a brief 
centrifugation to remove particulate material, and the ab
sorbance of the supemant was measured at 500 nm. The 
cholesterol content was determined by comparison with a 
cholesterol standard.

Treatment o f Cells with MfiCD. HEK293 and HEKrSERT 
cells were grown as described above in 24-well plates. The 
standard culture medium was replaced with serum-free 
DMEM containing 1% (v/v) penecillin/streptomycin to which 
M^CD (5—10 mg/mL) had been added. Cells were then 
incubated for 30 min at 37 °C, followed by washing with 
serum-free medium (400 filS), and 5-HT transport activity 
was measured as described above.

Treatment o f Membranes with MfiCD and Membrane 
Modulators. HEK membranes were incubated with various 
concentrations of M/SCD. The samples were agitated gently 
at room temperature for 30 min. The mixture was centrifuged 
at 20000g for 20 min. The resulting pellets were washed in 
500 fih of assay buffer followed by centrifugation. The 
resulting pellets were resuspended in LBB. The treatment 
of membranes with a- and y-cyclodextrins was carried out 
in the same manner as it was for M/SCD.

Pretreatment of the membranes with filipin was similarly 
performed. Filipin (stock prepared in DMSO) at concentra
tions ranging fix)m 0 to 250 fjM (prepared in LBB) was added 
to the membranes and the mixture incubated at room 
temperature for 10 min. The membranes were washed by 
centrifugation and resuspended in LBB.

Incorporation o f Cholesterol into Cholesterol-Depleted 
Membranes. Membranes were treated with methyl-/3-cyclo- 
dextrin as described above to remove endogenous cholesterol. 
Membranes were then incubated with various amounts of 
the methyl-jS-cyclodextrin—cholesterol complex with gentle 
agitation for 30 min at room temperature. The membranes 
were centrifuged for 20 min at 20000g and resuspended in 
LBB. This treatment was followed by ligand binding 
analysis.

Complexing o f Steroids with MfiCD. Complexing of 
steroids (ergosterol, cholesterol, pregnenolone, and 5-cho- 
lestene) with M^CD was carried out as follows. M^CD (1
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g) was dissolved in distilled water (19 mL) and the mixture 
heated to 80 ®C. Steroid (15 mg of pregenonlone, 40 mg of 
cholesterol, 15 mg of 5-cholestene, or 25 mg of ergosterol) 
in chloroform and methanol (2:1, v/v) was added in small 
aliquots; Ihe solutions were stirred, and the temperature was 
maintained at 80 °C until the solutions were clear. The 
solutions were then freezed-dried, and the resulting powder 
complexes were stored at —80 °C until they were used.

Incorporation o f Steroids into Cholesterol-Depleted Mem
branes. Incorporation of steroids into the cholesterol-depleted 
membranes was performed as described above. Complexes 
of cyclodextrin containing various sterols were prepared as 
described above, and cholesterol-depleted membranes were 
treated with these complexes in the same manner described 
for membrane treatment with M^CD.

Treatment o f Membranes with Cholesterol Oxidase. Cho
lesterol oxidase treatment was carried out as described 
previously (29). HEK293 membranes expressing the rat 
serotonin transporter were pretreated at 37 °C for 30 min 
with cholesterol oxidase [200 units/mL in a buffer containing 
100 mM MBS (pH 6.0) and 3 M NaCl] at various concentra
tions in a buffer containing 20 mM HEPES (pH 7.0), 5 mM 
MgCla, 10 mM mannitol, and 1 milliunit^mL sphingomy
elinase [0.04 unit/mL stock in a buffer containing PBS (pH 
7.4) and 50% (v/v) glycerol].

RESULTS

To investigate the interaction between membrane choles
terol and the functioning of the SERT, we analyzed SERT- 
mediated transport of [^H]-5-HT into HEKrSERT cells at 
various membrane cholesterol concentrations. In the first set 
of experiments, depletion of membrane cholesterol was 
achieved by extraction of membranes with M^CD and the 
remaining cholesterol content in the membranes was deter
mined using a cholesterol oxidase-based assay as described 
in Materials and Methods. HEKrSERT cell membranes 
contained cholesterol at a concentration of approximately 115 
//g/mg of protein, and this was reduced in a dose-dependent 
manner by treatment with M^CD with 50% depletion of 
membrane cholesterol being achieved at M^CD concentra
tions between 10 and 20 mg/mL (Figure 1). It appeared that 
M/SCD removed cholesterol selectively from the membranes, 
and alteration of the level of membrane cholesterol was not 
achieved when membranes were treated with aCD and yCD.

Before analyzing the influence of membrane cholesterol 
content on SERT-mediated [^H]-5-HT uptake, we tested the 
effect of N^CD incubation on the viability of HEKrSERT 
cells. Viability and cytotoxicity assays of cells treated with 
various concentrations of MjSCD revealed that MjSCD up to 
10 mg/mL did not affect the integrity of the cells (Figure 
2). After M^CD treatment under nontoxic conditions, [^H]- 
5-HT transport assays with HEKrSERT cells showed a 
decrease in the level of SERT-mediated transport of [^H]- 
5-HT in proportion to the depletion of membrane cholesterol 
(Figure 3A). Following saturation, analysis of [^H]-5-HT 
uptake after treatment with 10 mg/mL Mj^CD showed that 
the reduction of transporter function was due to both a loss 
in the apparent affinity [A!m(untreated) =  429 ±  74 nM; 
^Cm(M)3CD-treated) =  740 ±  118 nM] and a concomitant 
reduction in the maximal transport rate of ~25% (Figure 
3B and Table 1). To investigate whether the loss of 5-HT

140

120

100

80

60

40

20

0
0 20 40 10060 80 120

Cyclodextrin [mg/ml]

F ig u r e  1: M^CD specifically reduces the cholesterol content of 
HEKrSERT membranes. For cholesterol depletion, HEKSERT 
membranes were treated with various concentrations of aCD (■), 
M/8CD ( • ) ,  and yCD (O) for 30 min at room temperature. 
Following removal of the cyclodextrins by washing, the membranes 
were harvested by centrifugation and their cholesterol content was 
determined using a cholesterol assay kit as described in Materials 
and Methods. The assays were performed three times with similar 
results, and results from a representative experiment are shown.
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F ig u r e  2: Effect of cholesterol depletion of HEKrSERT cells, 
HEKrSERT cells were incubated with M/3CD at the indicated 
concentrations for 30 min at room temperature. The cells were 
assayed for cytotoxic effects using MTT ( • )  and LDH (O) assays 
as described in Materials and Methods.

uptake after cholesterol depletion was reversible, we at
tempted to replenish the cholesterol level in the M^CD- 
treated cells by incubation with an N^CD—cholesterol 
complex. However, after treatment of the cells at nontoxic 
concentrations of M^CD followed by careful removal of this 
compound by washing, a second treatment of the cells with 
the N^CD—cholesterol complex resulted in partial cell death, 
and therefore, these experiments could not be evaluated.

To further investigate the effect of cholesterol removal 
on the ftmctional properties of the SERT, we then analyzed 
the binding of [^H]citalopram to membranes prepared fi-om 
HEKrSERT cells before and after treatment with various 
concentrations of the different cyclodextrins. As shown in 
Figure 4, preincubation of HEKrSERT membranes with 
My3CD, but not with aCD or yCD, dose-dependently reduced 
the level of binding of [^Hjcitalopram. Saturation binding 
data of untreated membranes from HEKrSERT cells for [̂ H]-
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F i g u r e  3 :  M^CD reduces the level of pH]-5-HT uptake into 
SERT-expressing HEK cells. HEKrSERT cells were plated out in 
24-well plates and treated for 30 min at room temperature with 
My^CD at the indicated concentrations. After removal of M^CD, 
the cells were washed twice with serum-free DMEM, and pH]-5- 
HT (0.23 /iM) uptake was followed for 6 min (A). In anoAer set 
o f experiments (B), a saturation analysis was performed of 5-HT 
transport into control cells ( • )  and cells treated with M^CD at 10 
mg/mL (O). Each point is Ae mean of four replicates ±  standard 
error of the mean (error bars are shown where they are larger than 
the symbol). This experiment was carried out three times, and the 
data that are shown are from one representative experiment. ATm 
and FmsK values in this particular experiment were 410 ±  110 nM 
and 3.91 ±  0.34 pmol min“ ' well~‘, respectively, for control cells 
and 800 ±  60 nM and 3.19 ±  0.02 pmol min~‘ well“ ', respectively, 
for MySCD-treated cells.

Table 1; Comparison of 5-HT Uptake Parameters in Control and 
M/?CD-Treated HEKrSERT Cells"

0.43 ±  0.07 
0.74 ±0.12

treatment Vmax {pmol min ' well ')
none
M^CD (10 mg/mL)

3.71 ±  0.45 
2.80 ±  0.21

° M/SCD treatment and 5-HT transport were performed as described 
in Materials and Methods. Data represent the mean ±  standard error 
of the mean of three indq)endent experiments performed in quadmplicate.

citalopram binding were best fitted with the following 
equilibrium binding parameters: K d=  1.98 ±  0.43 nM and 
m̂ax =  5.61 ±  0.56 pmol/mg of membrane protein. Treat

ment o f the membrane preparations with M^CD (15 mg/ 
mL) resulted in a loss o f affinity of the SERT for [^H]- 
citalopram (^d =  4.34 ±  0.63 nM) with no significant change 
in the maximal number of binding sites (5max =  5.49 ±  0.40
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F i g u r e  4: Cholesterol removal by M^CD treatment specifically 
reduces the level of pH]citalopram binding to HEKrSERT mem
branes. For cholesterol depletion, membranes were treated with 
various concentrations of aCD (■), M^CD ( • ) ,  and yCD (O) for 
30 min at room temperature. Following removal of the cyclodextrins 
by washing, the membranes were harvested by centrifugation 
(14 000 rpm for 15 min) and analyzed for [^H]citalopram binding 
at 2.2 nM as described in Materials and Methods. Each point is 
the mean of three replicates, and the error bars are shown where 
they are larger than the symbol.
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F i g u r e  5: Saturation analysis of [^H]citalopram binding to M/3CD- 
treated HEKrSERT membrane preparations. HEKrSERT mem
branes were incubated in LBB buffer ( • )  or LBB buffer containing 
M/3CD at 15 mg/mL (O) and 60 mg/mL (■) for 30 min at room 
temperature. Following removal of the cyclodextrins by washing, 
the membranes were harvested by centrifugation (14 000 rpm for 
15 min) and analyzed for [^H]citalopram binding. Each point is 
the mean o f three replicates, and standard error of the mean error 
bars are given where they are larger than the symbol. This 
experiment was carried out three times, and the data that are shown 
are from one representative experiment. K q and fimax values in this 
particular experiment were 2.46 ±  0.23 nM and 5.77 ± 0 .15  pmol/ 
mg of protein, respectively, for control membranes, 5.40 ±  1.03 
nM and 6.12 ±  0.93 pmol/mg of protein, respectively, for 
membranes treated with 15 mg/mL M^CD, and 5.83 ± 4 . 1  nM 
and 1.04 ±  0.09 pmol/mg o f protein, respectively, for membranes 
treated with 60 mg/mL M^CD.

pmol/mg of protein; Figure 5 and Table 2). With further 
depletion of membrane cholesterol using higher MjSCD 
concentrations (60 mg/mL), the maximal number of binding 
sites also decreased (K  ̂=  5.68 ±  0.13 nM; Bmzx =  1.19 ±  
0.21 pmol/mg of protein; Figure 5 and Table 2).

In cholesterol-depleted membranes, cholesterol levels 
could be restored to those found in untreated membranes by
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Table 2: Comparison of the Properties of pH]CitaIopram Binding 
to Monbrane Preparations from Control and M^CD-Treated 
HEKrSERT Cells"

treatment flmim {pmol/mg of protein) (nM)
none 5.61 ±0.56 1.98 ±0.43
M^CD {15 mg/mL) 5.49 ±  0.40 4.34 ±  0.63
M/5CD (60 mg/mL) 1.19 ±0.21 5.68 ±0.13
“ M^CD treatment and pH]citalopram binding were performed as 

described in Materials and Methods. Data represent the mean ±  standard 
error of the mean of three independent expaiments performed in 
triplicate.
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Î
 oU 

T3

5  00

I" 40 ■ 
.1
E  20'

§  1  2 3 1 5 10 3 7 12 1 5 10

MflCD-sterol complexes [mg/ml]

Figure 6; Cholesterol rescues pHJcitalopram binding in cholesterol- 
depleted HEKrSERT membranes. HEKrSERT membranes were 
treated with M/3CD (60 mg/mL) for 30 min at room temperature. 
After removal of M/3CD and two washing steps, the membranes 
were incubated with MjSCD—steroid complexes of cholesterol, 
5-cholestene, pregnenolone, and ergosterol for 30 min at room 
temperature as indicated by the different symbols in the figure. The 
treatment concentrations of the M/8CD—sterol complexes are given 
below. After centrifiigation at 14 000 rpm for 15 min, the 
membranes were washed twice in LBB and analyzed for [^H]- 
citalopram binding at 2.3 nM. Control membranes were subjected 
to the same incubation and centrifugation procedures in LBB buffer 
devoid of M/SCD and M^CD—steroid complexes. When refilling 
the M^CD-treated membranes with cholesterol, in a parallel assay 
we determined the cholesterol content using a cholesterol assay 
kit as described in Materials and Methods. The successftil reloading 
of cholesterol is shown in the inset of this figure (a, control; b, 
cholesterol-depleted; c and d, replenishment with 2 and 3 mg/mL 
M^CD—cholesterol complex, respectively; each bar represents the 
mean of triplicate determinations, and the particular results that 
are shown are representative of two such experiments with similar 
results).

incubation of the membranes with an M/SCD—cholesterol 
complex (Figure 6, inset). As also shown in Figure 6, 
reincorporation of cholesterol correlated with a reversal of 
the cholesterol depletion-mediated inhibition of pHJcitalo- 
pram binding. This was not the case when other steroids such 
as ergosterol, 5-cholestene, or pregnenolone were substituted 
into cholesterol-depleted membranes. Removal of ~80% of 
the initial cholesterol content of HEKrSERT membrane 
preparations reversibly led to an ~80% loss of binding.

To assess whether it is the influence of cholesterol on the 
physical state of the plasma membrane that modifies SERT 
functional properties, HEKrSERT membrane preparations 
were incubated with various concentrations of cholesterol 
oxidase before determining the level of [^HJcitalopram 
binding to the SERT. Cholesterol oxidase converts choles-
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Figure 7: Treatment of HEKrSERT membranes with cholesterol 
oxidase (A) and filipin (B) reduces the level of [^Hjcitalopram 
binding. (A) HEKrSERT membranes were treated with active ( • )  
and heat-inactivated cholesterol oxidase (O) at the indicated 
concentrations for 30 min at 37 °C. Thereafter, the level of binding 
of [^HJcitalopram (2.3 nM) was determined by filtration. Each point 
of measurement is the mean of three replicates, and standard error 
of the mean error bars are given where they are larger than the 
symbol. This experiment was carried out three times, and the data 
that are shown are firom one representative experiment. (B) 
HEKrSERT membranes were treated with increasing concentrations 
of filipin for 15 min at room temperature in the dark. Following 
washing and resuspension of the membranes, the level of binding 
of [^H]citalopram (2.7 nM) was determined by filtration. Each point 
of measurement is the mean of three replicates, and standard error 
of the mean error bars are given where they are larger than the 
symbol. This experiment was carried out twice with similar results, 
and the data that are shown are fixjm one representative experiment.

terol into the functionally inactive steroid 4-cholesten-3-one 
which does not alter the physical state of plasma membranes 
(28). As shown in Figure 7A, treatment with cholesterol 
oxidase dose-dependently reduced Ihe level of [^HJcitalopram 
binding to the membranes. This effect was absent when the 
membranes were treated with the heat-inactivated enzyme.

In another approach, we used filipin, a cholesterol-binding 
fluorochrome, to assess the dependence of SERT activity 
on plasma cholesterol. Preincubation of plasma membranes 
with filipin neither leads to removal of cholesterol firom the 
membranes nor causes any chemical modification of cho
lesterol but forms filipin—cholesterol complexes in the
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membranes, thereby altering the physical distribution of 
cholesterol (29). HEKrSERT membrane preparations treated 
with various concentrations of filipin exhibited a dose- 
dependent decrease in the level of [^Hjcitalopram binding 
with an ICso value of ~30 filipin (Figure 7B).

DISCUSSION

The membrane composition of the lipid bilayer, in which 
integral membrane proteins are embedded, is known to 
nK)dulate the activity of various receptor proteins such as 
the transferrin receptor (30), the nicotinic acetylcholine 
receptor (31, 32), the oxytocin receptor (25, 33), rfiodopsin 
(34), and the galanin receptor (29). It is thought there are 
different mechanisms by which cholesterol affects receptor 
function: (i) changes of the membrane fluidity as shown 
for the cholecystokinin receptor or (ii) specific receptor— 
cholesterol interactions as demonstrated for the oxytocin and 
galanin receptors (25, 29). In the latter cases, it has been 
suggested that high-affinity states of the receptors are induced 
by direct receptor—cholesterol interactions.

A previous study from one of our laboratories has shown 
that ligand binding to the heterologously expressed SERT 
in insect S19 cells was reversibly dependent on membrane 
cholesterol levels (55). To gain further insight into whether 
cholesterol can also modulate the fimctional properties of 
the serotonin transporter, we measured substrate transport 
activity and antagonist binding properties at various mem
brane cholesterol concentrations for the SERT expressed in 
HEK cells. To distinguish between specific transporter- 
cholesterol interactions and the effects of membrane fluidity, 
we employed various methodical approaches to deplete 
membranes of cholesterol. In a first approach, we altered 
the cholesterol content of membranes by treatment with 
M/SCD, which is known to extract cholesterol (35). This 
treatment can be reversible because M^CD—sterol complexes 
can also be used to replenish cholesterol-depleted membranes 
with cholesterol or analogues thereof. In a second approach, 
we altered the cholesterol concentration of the membranes 
by incubation with the cholesterol-converting enzyme cho
lesterol oxidase. This allowed us to analyze transporter 
functions at a constant membrane fluidity (25). In another 
approach, we assessed the dependence of SERT activity on 
plasma cholesterol after treatment of plasma membranes with 
the cholesterol-binding fluorochrome filipin. Filipin forms 
filipin—cholesterol complexes in the membranes, thereby 
altering the physical distribution of cholesterol and, thus, 
neither removing cholesterol from the membranes nor 
causing its chemical modification.

All three treatments, reducing cholesterol to concentrations 
which are nontoxic to cells, resulted in a loss of the apparent 
affinity (ATm) for substrate and for antagonist binding (A )̂, 
in both cases reflected by a 2-fold increase in Km and Ka. 
Similar changes in affinities have been observed for the 
galanin receptor, where a reduction in affinity is also given 
by a 3-fold increase in the X<i value afler cholesterol depletion 
(29). Comparably, addition of cholesterol to the human 
oxytocin receptor, heterologously expressed in insect SF9 
cells, which have a constitutively lower cholesterol concen
tration, has been shown to induce high-affinity biiKling (56). 
These results indicate that there are membrane proteins 
whose conformational states are dependent on the direct
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interaction of cholesterol with the polypeptide. Also in the 
case of the SERT, it appears that both substrate and 
antagonist binding are of a higher affinity when cholesterol 
is bound.

Depletion of cholesterol to nontoxic concentrations also 
gives a reduction in the Vmax of 5-HT transport. This again 
is consistent with cholesterol interaction with the transporter 
inducing a conformational state with an optimal conformation 
for transport, i.e., transporter function. Similar effects for 
function with the galanin receptor was also reported whereby 
not only ligand binding but also signal transduction is 
affected upon cholesterol reduction, as revealed by a decrease 
in the level of galanin-stimulated receptor-mediated inositol 
phosphate production. These observations must be distin
guished from the reduction in values for antagonist 
binding at higher M^CD concentrations in the study pre
sented here. This is consistent wilh a reduction in the amount 
of transporter molecules capable of binding antagonist, 
suggesting that the transporter protein may unfold or denature 
at high levels of cholesterol.

The specificity of cholesterol in the regulation of trans
porter activity has been demonstrated by the fact that only 
/S-versions (not a- and y-) of cyclodextrins successfully 
depleted membranes of cholesterol with a concomitant loss 
of antidepressant binding. In addition, this loss of binding 
could only be restored by reincorporation of cholesterol, but 
not other sterols, into previously cholesterol-depleted mem
branes. These results suggest that cholesterol specifically 
modifies the function of the serotonin transporter via direct 
sterol—protein interaction and extend the observations of 
Shouffani and Kanner (24), who showed that addition of 
small amounts of cholesterol optimizes GABA transporter 
reconstitution. Further studies are needed to reveal the 
molecular mechanisms underlying this modulation of the 
SERT and GAT by cholesterol, any physiological or 
pharmacological relevance, and whether these effects can 
be extended to other neurotransmitter transporters.
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