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ABSTRACT

The supply of amino acids to the protein synthesising machinery of cells is essential for

their survival and function. This supply is exercised by the activity of amino acid transport

proteins embedded in the lipid bilayer. These proteins belong to a number of recognised

transport systems which have overlapping substrate specificities and often transport a number of

structurally related amino acids. These transport systems are not only responsible for supplying

amino acids for cellular nutrition but they also facilitate specialised cellular functions that require

high levels of protein synthesis, such as hair biosynthesis and milk production. For example, in

Merino sheep, the wool follicle functions as a protein factory producing a fibre at the rate of

approximately 400 microns in length per day. These fibres are composed of cortical cells packed

with keratin and keratin associated proteins encased within a single cuticle cell layer, The wool

follicle is clearly highly reliant on the function of amino acid transport systems as it has long

been recognised that to sustain wool fibre growth a continuous balanced supply of amino acids is

required. Of particular interest is the transport of cysteine, which is known to be the rate limiting

amino acid for wool growth (Reis, L919). However, nothing is known of amino acid transport

in the follicle.

To address the problem this project has involved the isolation and characterisation of an

amino acid transport protein most likely responsible for the uptake of cysteine from the blood

supply into the wool follicle. The objective of this project was to isolate follicle-derived cDNA

clone(s) encoding putative L-cysteine transport proteins, and to determine their amino acid

transport function in vitro. In this study a cDNA termed oASCT2 which encodes a putative

neutral amino acid transporter was isolated. Functional characterisation using an oocyte

expression model, of oASCT2 demonstrated it transports L-cysteine at high affinity.

Furthermore, oASCT2 is expressed throughout the region of the wool follicle where keratin

protein synthesis occurs and the expression of oASCT2 coincides with the site of 35S-L-

cysteine uptake into the wool follicle (N. Thomas and P. Hynd, unpublished data). These

findings provide indirect evidence for the isolation of a putative L-cysteine transport protein

expressed in the wool follicle.



vl11

DECLARATION

This thesis contains no material which has been accepted for the award of any other degree or

diploma in any University or other tertiary institution and, to the bçst of my knowledge and

belief, contains no material previously published or written by another person, except where

due reference is given.

Gregory S. Nattrass

I give consent to this copy of my thesis, when deposited in the University Libraries,
being available for photocopying and loan.

SIGNATTJRE: DATE:



x
ACKNOWLEDGEMENTS

I would first and foremost like to thank Professor Phil Hynd for the opportunity to undertake
my PhD in the Department of Animal Science and for his supervision throughout the course of
this work. I would also like to credit Phil for his novel idea to investigate the role of amino acid
transporters in the wool follicle. This research has provided for a highly challenging and at most
times enjoyable PhD project.

To the remainder of my supervisors, thanks for your words of advice, interest and
encouragement throughout the duration of my PhD. In particular, I would like to thank Dr.
Simon Bawden who taught me the majority of molecular biology techniques used during these
studies and also for his extensive involvement during the preparation of this thesis. I am
grateful for the involvement of Dr. Daniel Schactman in these studies. I would like to thank him
for sharing his extensive expertise with the Xenopus oocyte expression system and for his help
with the thesis chapter devoted to this component of work. I would like to thank Dr. Barry
Powell for his advice and input on all things molecular throughout this project and for helpful
suggestions during the preparation of this thesis. Finally to Dr. David Tivey thanks for helping
me understand the fundamentals of membrane transport and for your suggestions to the
experimental approaches used during the radiolabelled amino acid uptake studies.

I would like to thank all the staff and students þast and present) in the Department of Animal
Science for providing such an enjoyable and stimulating working environment. I would
especially like to acknowledge members of the Wool Biology Group who have helped and
supported me during my PhD. Clive Mclaughlan, thanks for your help with all things
molecular or computer or anything else that required your attention. Toni Nesci, thanks for
teaching me how to perform radioactive in situ hybridisation analysis. I would also like to
extend my thanks to Toni for performing the non-radioactive in situhybridisation analysis and
for helping me prepare the in situ hybridisation photographs in this thesis. Natasha Penno,
thanks for all your help during my PhD, especially out in the sheep shed in those smurf
uniforms with my poor toothless Corriedale sheep (ha ha)! I would also like to thank Natasha
for preparing and selecting skin sections used for in situhybridisation in this study. Professor
George Rogers thanks for your tireless efforts as our CRC project manager and for your help
teaching me how to raise polyclonal antibodies in rabbits. I would also like to thank other
members of the Wool Biology Group for their friendship and support over the years, Nicole
(and Ben) Thomas, Stephanie Dunn, George Giannakis, Brad Winter, Helen Daily (go Crows!),
Hayley Jackson, Mohamid Yamin, Megan Bray and Ian Molloy. I would like to thank Daniel's
wife Ellen and others in the Schachtman group for making me feel welcome during my time in
their laboratory.

I would especially like to thank my parents David and Jenny Nattrass who made my tertiary
education possible and who have supported, helped and encouraged me throughout these
studies. Thanks also to my brother and friends who have stood by me during these studies and
listended to the ever present complaints about the turmoils of being a PhD. student.

I gratefully acknowledge my girlfriend Fleur Moore who has not only experienced my honours
year but also the joy of a PhD. At times we felt it would never end but it has and we've
survived! Thanks babe I admire the support you've given me over the years and hope that our
new life after three years apart will enable us to spend more time together.



x

ABBREVIATIONS

ad libitum: without restraint
B CH : 2-aminobic y clo -12,2,11 -heptane-2-carboxylic acid
bp : base pair
oDNA : complementry DNA
oRNA : capped RNA
DIG: digoxygenin
DNA : deoxyribose nucleic acid
dNTP : deoxynucleoside triphosphate
DP : dermal papilla
DT : diptheria toxoid
ELISA : eÍ.zyme linked immunosorbent assay

EST : expressed sequence tag
et al. : et alia (and others)
etc.: et cetera (and so on)
GAPDH : glyceraldehyde 3-phosphate dehydrogenase
g: gram

GSH:glutathione
HGT : high glycine/tyrosine
hr: hour
in situ : in the natural or original position
IRS : inner root sheath
KAP : Keratin Associated Protein
kb : kilobase
kD: kiloDalton
KIF : Keratin Intermediate Filament
Km : affinity constant
L : litre
M : molar

MeAIB : N-methylamino-cr-isobutyric acid
pCi : microcurie
pg:microgram
pl : microlitre
pM: micromolar
mA: milliamperes
mg: milligram
min:minute
mM:millimolar
mV :millivolts
MQ water : Milli-Q-filtered water
M, or MW: molecular weight
mRNA : messenger RNA
n : number of samples
ng: nanogram
nl : nanolitre
ORS : outer root sheath
OTB : oocyte transport buffer
PCR : polymerase chain reaction
p.i. :post-injection
pmol : picomol



)0

polyA+ RNA : polyadenylated messenger RNA
polyA : polyadenylated
RNA : ribose nucleic acid
RO water : reverse osmosis water
rNTP : ribonucleoside triphosphate
rRNA : ribosomal RNA
S.E.M : standard error of the mean
TdT : terminal deoxynucleotidyl transferase
UV :ultraviolet
UTR : untranslated region
Vmær :morimal velocity
v/v: volume:volume
w/v:weight: volume



CHAPTER ONE

Literature Review



I

One

INTRODUCTION

The hair follicle is a complex skin appendage that produces fibres which

number of specialised functions. For example, the pelage fibres form the coat of an animal

which plays important roles in sun protection, warmth and camouflage, whereas the

vibrissa fibres have sensory functions. The follicle varies in size and shape within and

between species, but the general morphology and series of cellular events involved in

synthesis of the hair fibre are similar.

Hair fibres are dead structures, composed of keratinised cells compacted together to

form the cortex which is encased within a scaly outer layer known as the cuticle. Keratin

proteins are the major components of hair and wool fibres. Two distinct groups, the keratin

intermediate filament (KIF) proteins and keratin associated proteins (KAP), are expressed

during fibre biosynthesis. In sheep, the relative abundance of keratin proteins differs

between breeds and is responsible for characteristic differences in the physicochemical

properties of their wool .

Considering the follicle bulb has one of the fastest cell turnover rates of any known

mammalian tissue (V/einstein and Mooney, 1980), and that synthesis of each wool fibre

involves the expression of as many as 100 keratin genes (Powell and Rogers 1990), the

daily metabolic requirement of the wool follicles is enormous. In sheep bred for prolonged

wool growth, such as the Australian Merino, this requirement is unceasing. Due to the

expression of the cysteine-rich keratin-associated proteins which comprise up to 37 mol%o

cysteine residues, wool synthesis requires significant levels of sulphur. Indeed, the rate of

wool growth is primarily limited by the availability of the sulphur-containing amino acid,

cysteine (Reis, 1979).
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The magnitude of the amino acid transport required to maintain maximal wool

growth becomes apparent given that Merino sheep have approximately 50 million wool

follicles (Doney and Weiler, 1959; Weiler et al., 1960). The importance of amino acids,

and particularly cysteine, for wool growth has been demonstrated in studies involving

abomasal or intravenous infusion of sulphur-amino acids, which substantially increases

wool growth (Reis, 1979). The wool follicles require between 2 - 4 grams of cysteine per

day to maintain maximal wool growth rates (reviewed by Hogan et aI.,l9l9).

Surprisingly, the mechanisms responsible for transporting amino acids into the

wool follicle have never been examined. It is possible that specialised amino acid transport

systems function in the wool follicle to supply the enormous level of amino acids that are

required. The molecular cloning of wool follicle amino acid transporters would therefore

provide valuable information about a vital component of wool biosynthesis. In the

following sections, a discussion of wool follicle structure and function precedes

consideration of the requirement of high levels of cysteine for wool growth and the amino

acid transport systems which are most likely to be involved in delivery of this amino acid to

the follicle for protein synthesis.

1.1 Structure and Function of the Wool Follicle

1.1.1 Morphogenesis

Wool follicle morphogenesis is initiated at around day 60 of gestation. The follicles

develop in overlapping waves of initiation in the skin (Carter and Hardy, 1947) with the

first observable signs being formation of an epidermal placode (Hardy and Lyne, 1956)

followed by a clustering of mesenchymal cells at the embryonic dermal-epidermal

boundary. This is followed by down growth of the epidermis. A complex rearrangement of

dermal and epidermal cells then results in the formation of an active follicle structure

including bulb and dermal papilla (Figure 1.1). The dermal papilla is formed by an

invagination of the mesenchymal dermal fibroblasts into the centre of the follicle bulb

and is separated from the bulb cells by a basement membrane. Although the function of the

dermal papilla is not completely understood it forms an essential component of the

developing follicle (Oliver and Jahoda, 1989).

2

lf
J

I
I

i

r

vi



Chapter One

1.1.2 Cell types of the wool follicle

The growth of wool fibres involves a combination of continuous cell division

within the follicle bulb and the orderly expression of keratin genes during subsequent

terminal differentiation. Bulb cells migrate upwards from the mitotically active zone of the

follicle and differentiate into the recognisable cell types of the wool follicle. They can be

distinguished histologically (Auber, 1952) and on the basis of their expression of

differentiation-specific genes (Powell and Rogers, 1997 ).
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1,.1.2.1 Outer root sheath (ORS)

The ORS is the outermost layer of the follicle and is continuous with the epidermis;

it does not make contact with the dermal papilla and maintains its own cell population.

Cellular proliferation in the ORS occurs along the length of the follicle, being greatest in the

thickened region which surrounds the keratogenous zone (Orwin,1979). The ORS is only

one to two cells thick around the follicle bulb in sheep follicles (Auber, 1952) and the ORS

cells are keratinocytes that express epidermal and not hair type IFs (Powell and Rogers,

1994).

1.1,.2.2 Inner root sheath (IRS)

The IRS is derived from the follicle bulb, with approximately SOVo of the bulb cells

in Merino follicles destined to form the IRS (Wilson and Short, 1979).It comprises three

concentric cell layers which surround the growing fibre; in order from the outside they are

the Henle, Huxley and IRS cuticle layers. The outer edge of the IRS cuticle cells interlock

with the wool fibre cuticle cells and the whole IRS moves up the follicle inside the

surrounding ORS, physically supporting the growing fibre (Powell and Rogers 1994).

The IRS is degraded and sloughed into the pilary canal before the fibre emerges at the skin

surface (Chapman and Vy'ard, 1979). The inner root sheath exhibits a unique pattern of

gene expression but unlike "fibre-forming" cells the hair keratin IF and KAP genes are not

expressed. The protein trichohyalin is a major component of the IRS. It is rich in arginine,

glutamate, glutamine, leucine and lysine but has very few cysteine residues and is the first

known differentiation specifîc product expressed in these cells. Filaments are also observed

in the IRS (Steinert et aI.,l97l). The exact structural role of trichohyalin is still uncertain;

it is thought to act like a keratin-associated protein which complexes with the filaments of

the mature IRS (Rogers et aL,1991). A cysteine-rich/serine -rich protein with unknown

function has also been decribed for the IRS (Wood et a1.,1990).

4
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1,.1.2.3 Wool fibre - medulla, cortex and cuticle

Cells which comprise the wool fibre are of three distinct cell types that form the

medulla, cuticle and cortex. The medulla is found in coarser wools and forms a vacuolated

pore in the centre of the fibre. The medulla is distinct from the cortex and cuticle cells as it

does not express hair keratins but like the IRS, trichohyalin is abundantly expressed. The

cuticle of Merino fibres is a scaly single cell layer which forms the outer layer of the wool

fibre. The cortex of most Merino fibres is arranged as a bilateral array of two distinct cell

types (para and ortho) that account for the major proportion of the wool fibre (Chapman

and Ward, 1979). Paracortical, orthocortical and cuticle cells are readily distinguished by

methylene blue staining (Clarke and Maddocks, 1965), transmission electron microscopic-

appearence and their gene expression patterns (reviewed by Powell and Rogers, 1994;

l99l). With methylene blue, paracortical and cuticle cells stain strongly due to the presence

of cysteine-rich KAP proteins in these cells. Orthocortical cells contain lower levels of the

cysteine-rich proteins and hence do not take up the stain (Fratini et a1.,1994).

Follicle bulb cells that are destined for the wool fibre begin to express the keratin IF

proteins at the mid bulb level, then migrate into the keratogenous zone where the KAPs are

expressed (described below). At the upper limit of this zone, the keratin-packed cells

undergo extensive disulphide crosslinking and their cellular organelles are destroyed before

the mature wool fibre emerges from the skin (Chapman and Ward, 1979).

1.1.3 The wool keratin proteins

The wool structural keratin proteins are divided into two groups, the keratin

intermediate filament (IF) proteins and the keratin associated proteins (KAP). Genes

representing many of the IF and KAP families have been isolated from a range of species,

including human, mouse and sheep (see Powell and Rogers, 1994). The IF proteins

constitute half the protein mass of wool. The KAPs which constitute the remaining protein

mass of wool are embedded around the filaments in a matrix and contribute the majority of

the sulphur amino acid, cysteine found in wool (Gillespie, 1983; Fraser et a1.,1972).

5
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1.1.3.1 Intermediate filament proteins

The hair keratin IF are composed of two families of protein with several members

in each family. In wool, four type I and four type II IFs have been identified (Marshall and

Gillespie, t977). The hair keratin type I IF proteins are acidic and vary in size from392 -

416 amino acids, while the type II IF proteins are basic and vary in size from 419 - 506

amino acids (Powell and Rogers, 1994). On average the IF contain SmolVo cysteine. The

fundmental unit of keratin intermediate filaments appears to be a heteropolymer between

type I and II IF proteins and in cross section, the IF heteropolymers are aligned into

microfilaments that are 8-lOnm in diameter (Fraser, et aI.,1912).

t.L.3.2 Keratin Associated Proteins (KAP)

The keratin associated proteins comprise two major classes, the glycine/tyrosine-

rich and the cysteine-rich families of proteins. The keratin associated proteins are expressed

sequentially during cortical cell differentiation; they show overlapping patterns of

expression in the paracortical and orthocortical cells while unique cysteine-rich proteins are

expressed solely in the fibre cuticle (Powell and Rogers,1994).

I.1.3.2.I Glycine/tyrosine-rich KAPs

The glycine/tyrosine-rich proteins contain between 34-65 molVo glycine/tyrosine

residues combined and are termed KAP6, KAPT and KAPS (Powell and Rogers, 1994).

These proteins range in size from 61 to 84 amino acids, the KAP 6 proteins belong to a

family while KAPT and KAPS are unique proteins. Compared to the cysteine-rich KAPs,

these proteins contain low numbers of cysteine residues; KAP6 proteins have 1Imol%o,

while KAPT and KAPS have only ímolVo (Powell and Rogers,I99l). They are primarily

located in the orthocortex of the fibre (Gillespie, 1983) and are present in varying

abundances between sheep breeds. For example, the HGT proteins are abundant in Merino

wool, low in Lincoln wool and undetectable in the wool of a mutant Merino strain called

the felting-lustre mutant (Rogers, et a\.,1989).

6
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1,,1.3,2.2 Cysteine-rich KAPs

There appear to be 10 or more cysteine-rich KAP families, each with several closely

related proteins. These proteins range in size from 100 -300 amino acids and contain

extremely high numbers of cysteine residues; they can be divided into the high sulphur (16-

24 mol%o; KAPI - 5) and the ultra high sulphur (31-37 mol%o; KAP 9 - 12) keratin

associated proteins. These proteins also have an unusually high abundance of serine (9-20

mol%o) (Powell and Rogers,1994).

1.1.3.3 Keratin gene expression in the wool follicle

Pioneering immunolocalisation studies by Kemp and Rogers (1970) were the first

to broadly map the expression pattern of wool keratin IF proteins. The expression of the IF

proteins was shown to extend from the apex of the dermal papilla to the upper limit of the

keratogenous zone. The localisation of IF and KAP mRNAs in wool follicles has since

been comprehensively studied by in situ hybridisation (MacKiînon et aI.,1990; Powell ¿r

aL.., I99I; 1992) using gene-specific and family-specific probes (Figure 1.2). Both latter

studies revealed a similar pattern for IF expression. In sheep follicles, expression of the

four type II IF genes is not initiated simultaneously but in a coordinated manner. The same

pattern of expression has been shown for the human orthologues (Lynch et aL.,1986; Moll

et aL.,1988).

For wool, the HGT KAP genes appear to be expressed first, just after

commencement of IF expression. Their expression seems to be localised to the orthocortex

(Powell et al., 1991). The wool cysteine-rich KAPs are expressed in diverse patterns

during fibre formation (Powell and Rogerc,1994; 1991). The KAPl,2 and 3 families are

expressed after expression of the HGT KAPs commences and are expressed in all cortical

cells. In contrast, KAP4 (Fratini et al., 1994) and KAP12 expression (B. Powell et aL,

unpublished) is restricted to paracortical cells. Expression of cuticle-specific, cysteine-rich

KAP gene families KAP5 and KAP10 has been described in late cuticle cell differentiation

and others are predicted to be expressed earlier (MacKinnon et a1.,1990; B. Powell et al.,

unpublished).

7
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Figure 1.2: A general, diagrammatic representation of the ordered fashion of IF and KAP

gene expression in the wool follicle (from Powell and Rogers,1997).

The synthesis of the IF and KAPs in wool formation results in fibre growth rates in

the Merino of up to 400pm per day, with an average clean fleece weight of 10 - 20 grams

of wool produced per day (reviewed by Hogan et al., 1979). Furthermore, the sulphur rich

composition of wool makes its biosynthesis reliant on the supply of the sulphur-amino

acid, cysteine. Hence, in order to maintain wool biosynthesis the follicle is reliant on the

supply of energy metabolites and essential amino acids from the network of capillaries that

encircles the follicles.
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1.2 The Nutritional Requirement of the Wool Follicle

1,.2.1 The wool follicle has a high nutritional requirement

The ability of a sheep to maximise wool growth is set by two important factors, the

genotype and the environment. The genotype determines the major characteristics of the

wool follicles and the properties of the wool. For example, characteristics that include the

division of available nutrients between the skin and other tissues and the density of wool

follicles are determined by genotype (Reis, 1979). The environment affects the rate of wool

growth and also alters many properties of the wool. For example, a continuous supply of

essential amino acids (especially cysteine) is vital to sustain the maximum rate of wool

growth (Reis, 1979). The supply of sufficient nutrients to the wool follicle is affected by

the variation in the quality and quantity of available feed (Reis, 1989). The ability of sheep

selected for high wool-production to respond better to a higher plane of nutrition than those

selected for low wool-production indicates that the response is likely to be regulated by

genotype (V/illiams and'Winston, 1987).

1.2.2 Amino acids are required to maintain wool growth

The major nutritional limitation to wool production is the amount and composition

of proteins available for intestinal digestion (Colebrook and Reis, 1969; Reis and

Colebrook,Igl2). Infusion of various proteins or mixtures of amino acids into the

abomasum results in marked differences in wool growth depending on the composition of

these supplements. Casein infusion is associated with a large increase in the concentration

of essential amino acids in sheep plasma (Reis and Tunks, 1978), and the abomasal

infusion of a mixture of 10 essential amino acids given in the proportions as they occur in

casein is as effective at enhancing wool growth as casein itself (Reis,1919).

9
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Supplementation of the sulphur-amino acids, cysteine and methionine, by abomasal

infusion, stimulates wool growth but other essential amino acids given singly have failed to

induce similar increases (Reis, 1979). However, some of these amino acids are important

because their omission from an amino acid mixture decreases wool growth (Reis and

Tunks, I9l8; see below). Varying the amount of energy yielding nutrients does not alter

the rate of wool growth whereas the supply of amino acids exerts a major influence on the

rate of wool growth (Reis et aL, 1992). A depression in wool growth has been reported in

sheep given imbalanced amino acid supplements. Abomasal infusion of zein, a protein

deficient in lysine and tryptophan failed to stimulate an increase in wool yield (Reis and

Colebrook,I9T2; Reis and Tunks, 1978). The effects of zein infusion on wool growth

were unusual in that length growth rate was increased whereas the diameter of the fibres

was reduced. The strength of these fibres was significantly reduced, with a large reduction

in the HGT KAPs (Gillespie, 1983).

1.2.3 Sulphur-containing amino acids are essential for wool growth

V/hen compared with other cellular structures, wool has a high cysteine content

(10 - l3mol%o) and its biosynthesis is primarily limited by the availability of sulphur-amino

acids (Reis , 1979; 1989). Although the sulphur-amino acid content of pasture leaf protein

is reasonably high the digestive process of ruminants does not extract them very efficiently.

Additionally, microflora of the rumen rapidly degrade sulphur-amino acids and convert the

ingested protein into microbial protein in the rumen (Higgins et al., 1988). A major

problem for sheep in utilising the microflora protein is that it contains lower proportions of

sulphur-containing amino acids (Harris and Lobley, 1991). The microflora proteins are

degraded to provide the main source for assimilation of amino acids from the

gastrointestinal tract. During this process, much sulphur is lost from the rumen as H2S,

which is ultimately converted to sulphate and excreted in urine. The rate of wool growth is

further limited by nutritional variation experienced under normal grazing conditions.
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1.2.4 The transulphuration pathway is responsible for cysteine

biosynthesis

The initial digestion of food in ruminants by anaerobic bacteria is destructive to

sulphur-amino acids and has a negative effect on wool growth. The transulphuration

pathway allieviates this somewhat by converting methionine to cysteine (Figure 1.3;

Cooper, 1983). Methionine is not abundant in wool but is an essential amino acid that is

catabolised into a number of important compounds, including cysteine, the rate-limiting

amino acid for wool growth (Reis, 1979). The transulphuration pathway occurs primarily

in the liver (Radcliffe and Egan, 1974), and any transulphuration occurring in the skin is of

little quantitative significance to cysteine supply (Egan et aI., 1984). Apart from its

important role in wool growth, cysteine is also essential for the synthesis of compounds

such as glutathione (Young and Nimmo , 1975) and influences the mitotic activity of follicle

bulb cells (Hynd, 1989) possibly by the provision of sulphydryl groups for polyamine

synthesis (Reis, 1989).

o-Mothionine L-Mefhionlne Proteln synthesls

Enzyme
1 rATP

ADP+Pi

Acceptors

Methylated accePtots

Chain initiation
lncorporatlon into protein

Methyl
goup
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S-Adenosyl-L-m e thíonine

K

ïf-
S-Adenosyl-L-homocYrleine

Adcno¡inc
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2

L-Sedne

L4y¡tatlrionino

Enzyme
3 GKetobuty¡ate

L{yslelne -.+ L4ystine
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Figure 1,.3: The metabolism of methionine in mammalian tissues ultimately enters the

transulpuration pathway and produces cysteine. Adapted from Finkelstein, 1970.
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1.2.5 Infusion of sulphur-containing amino acids increases the rate of wool

growth

There are two major metabolic functions which regulate cysteine flow into the wool

follicle: supply to the circulating blood and rate of uptake into the tissue. The supply of

cysteine is dependent on the digestive process of ruminants and efficient transport across

the gut wall (Lee et al., 1993). The concentration of cysteine in sheep plasma has been

measured in a number of breeds with the concentration often below 50 pM (V/illiams,

1976; Williams et a1.,1972;1990; Reis et a1.,1990; Lee et a1.,1993).

A sustained high level of cysteine is required for wool growth and several strategies

have been investigated to try and increase the level available to the wool follicle.

Supplementation of the diet with sulphur amino acids has no effect on wool growth (Reis,

l9l9) as the amino acids are simply broken down by the ruminal microorganisms

(Downes, 1975). However, post-ruminal administration of sulphur-amino acids into the

abomasum increases both the rate of fibre growth and the fibre diameter (Reis, 1979).

1.2.6 Cysteine infusion induces the expression of the cysteine-rich KAP4

protein

Fratini et al. (1994) showed that intravenous infusion of cysteine into Corriedale

wethers on a low quality roughage diet increased the level of KAP4 mRNA -5-6 fold.

Northern blot analysis revealed the KAP4 abundance increased rapidly after infusion and

declined rapidly when the infusion stopped. The so-called "cysteine response" is of great

interest because it suggests that the availability of an amino acid is having a direct effect on

keratin gene expression. The induction of KAP4 mRNA coincided with an expansion in

the proportion of the paracortex and an increase in the wool sulphur content. In addition,

an increase in the level of a number of cysteine-rich wool proteins were observed by two

dimensional polyacrylamide gel electrophoresis.



Chapter One 13

1.2.7 Nutritional response in sheep genetically different in wool

production

V/illiams (1912) demonstrated that Merino sheep with a high genetic potential for

wool growth responded to abomasal infusions of either methionine or cysteine to a greater

extent than those with a low genetic potential. The high wool-producers had lower

concentrations of cystine in their plasma and lower levels of wool sulphur than the low

wool-producers. The concentration of cystine in plasma is highly correlated with the

concentration of cystine in the wool grown (V/illiams, unpublished) and with the

proportions of cysteine-rich proteins in wool (Broad et aI., 1970). The differential

responses to abomasal supplements of sulphur-amino acids indicate that wool growth of

the high-producing sheep is more limited by the availability of the sulphur-amino acids than

the low-producing sheep (Williams and Winston, 1987). These findings indicate that

genetic variation in wool production is associated with differences in the utilisation of

amino acids. In general, blood normally contains insufficient cysteine to permit maximum

utilisation of the other essential amino acids for wool growth. Hence, when wool growth is

limited by the supply of cysteine some sheep may favour the synthesis of proteins

relatively low in cysteine (Hogan et aI. 1979).

The availability of amino acids depends upon the rate of blood flow to the skin and

the amino acid concentrations in the blood (Black and Reis, 1979).It is possible that the

high wool-producers possess a metabolism that utilises a greater quantity of the limiting

nutrients available for wool biosynthesis. Alternatively the wool follicles may have a

greater network of blood vessels which allows more efficient nutrient exchange or greater

rate of blood flow through the skin (Hocking-Edwards and Hynd, 1992). The involvement

of amino acid transport systems in the wool follicle has never been investigated. It is

possible that superior wool producers may possess higher affinity and/or higher capacity

amino acid transporters that can maximise wool growth under normal grazing conditions

and are more responsive to an increased nutritional level. To date, no wool or hair follicle

amino acid transporters have been isolated. A better understanding of the mechanisms

which transport amino acids into the wool follicle would provide valuable information

about the rate-limiting step of wool growth. To follow is a description of membrane
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transport in general and the amino acid transport systems currently known to facilitate

uptake of amino acids into mammalian cells.

1.3 Amino Acid Transport Systems

1.3.1 The role of membrane transport in mammalian cells

The plasma membrane is a selectively permeable barrier between the cell and the

extracellular enviroment. This permeability ensures that essential molecules enter the cell,

whilst metabolic intermediates remain in the cell and waste compounds can leave the cell

(Darnell et aI., 1990). Transporters are a diverse group of membrane proteins that facilitate

the movement of water soluble molecules through the lipid bilayer of biological membranes

(V/olfersberyer,1994). Solutes are transported by proteins embedded in the lipid bilayer

that have the capacity to recognise, bind and translocate their substrate(s) across the plasma

membrane. The exact mechanism responsible for membrane transport is not fully

understood but is thought to involve a conformational change in the transport protein that is

induced when a solute binds, producing a pore through which the solute can enter the cell

(Darnell et a\.,1990).

1.3.2 Membrane transport is divided into three categories

1,3.2.1, Simple diffusion

The movement of small molecules across the plasma membrane occurs by simple

diffusion. Dissolved gases (COz, Nz, Oz) and small uncharged polar molecules (urea,

ethanol) dissolve into and cross the phospholipid bilayer. Simple diffusion has little

specificity, with the diffusion rate of a molecule being proportional to its concentration

gradient across the cell membrane and its permeability coefficient, which determines how

rapidly the solute can diffuse across the membrane (Darnell et aL.,1990).
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1,.3.2.2 Facilitated diffusion

Facilitated diffusion is a substrate-specific transport process that increases the

transport rate of a molecule across the lipid bilayer and is controlled by two classes of

uniporters, either channels or carriers. Channel proteins contain hydrophilic pores that span

the lipid bilayer.'Water soluble solutes move through these pores by diffusion. Carriers

may span the lipid bilayer, but their substrate binding site is never accessible from both

sides of the membrane simultaneously (Wolfersberger, 1994). The maximum transport rate

achieved through facilitated diffusion occurs when the concentration gradient of the solute

across the membrane is large (Darnell et aL,1990).

1.3,2.3 Active transport

Active transporters couple solute transport to the input of energy and are divided

into two major classes: ATP-dependent (primary) and ion-coupled (secondary)

transporters. The electrochemical ion gradients across the plasma membranes of cells are

maintained by H* or Na+/K+ ATPases. These ATP-dependent transporters are directly

energised by the hydrolysis of ATP (Darnell et a\.,1990). The ion-coupled transporters

link the energetically unfavourable movement of solutes against their concentration gradient

to the favourable movement of ions down their electrochemical gradient (Figure 1.4).
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Figure 1.4: The functions of primary and secondary active transporters in a lipid bilayer.

The primary (Na+-K+ATPase) transporter splits adenosine triphosphate (ATP) into

adenosine diphosphate (ADP) and inorganic phosphate (Pi) to maintain the electrochemical

gradient. The arrow through the lipid bilayer depicts the direction of the elctrochemical

gradient of Na+ ions. The secondary (amino acid) transporter utilises the Na* gradient to

drive the translocation of amino acids. Adapted from Guidotti and Gazzola (1992).

L3.2.3.1 Primary active transport

The selective movement of ions across the cell membrane is controlled by ATPase

proteins that maintain the ionic state of a cell and the electric potential across the plasma

membrane. The Na+/K+ ATPase transports both ions against their concentration gradients

(Wolfersberger, 1994). ATP hydrolysis generates free energy which is collected by the

ATPase proteins and stored in the electrochemical gradient of a cell (Darnell et a1.,1990).



Chapter One T7

I.3.2.3.2 Secondary active transport

Secondary active transport (co-transport) is reliant on the energy stored in the

electrochemical gradient to drive the transport of a diverse range of substrates. One of the

co-transported substrates (the driving substrate) always moves across the membrane in a

direction that dissipates its electrochemical gradient, while the second substrate (the driven

substrate) moves against its concentration gradient when crossing the cell membrane

(Wolfersberger, 1994). Hence, the movement of the driving substrate (ie Na+, K+, H+)

down its concentration gradient is coupled to the movement of the driven substrate (eg. an

amino acid) against its concentration gradient.

Co-transport can be divided into two classes, symport and antiport (Figure 1.5).

These classes differ in respect to the direction of movement across the membrane of the

driving and driven substrate. Symport describes the movement of the driven substrate in

the same direction as the driving substrate whereas antiport describes the movement of the

driven substrate in the opposite direction to the driving substrate. The majority of amino

acid transporters appear to use the symport mechanism although a few have also been

described using the antiport mechanism (Darnell et a1.,1990; Wolfersberger, 1994).

ao a

Extracellular

Membrane

Intracellular

Symport Antiport

Coupled transport

Figure 1.5: The two mechanisms of transport that are primarily used by mammalian

solute transporters. Adapted from Darnell et aI. (1990).

a
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1.3.3 Discovery of amino acid transport systems

The initial characterisation of amino acid transport systems was conducted in

Ehrlich ascites cells by Christensen and collaborators (Oxender and Christensen, 1963;

Christensen et al., 1965; Christensen, et aI., 1967). The uptake of glycine by mouse

ascites tumour cells resulted in the displacement of K+ ions and the uptake of Na+ ions.

Christensen proposed that the outward movement of K+ energised the uptake of glycine.

At the time it seemed more attractive than the possible alternative of Nai influx driving

glycine uptake. The larger concentration gradient of K+ across the Erlich ascites cell

membrane led the authors to favour the coupled movement of K+ rather than Na+. After

many years of further research the exact mechanism of coupled transport was understood

and shown to involve Na* ions as the primary cofactor of solute transport in a symport

mechanism (Christensen and Handlogten, 1968; reviewed by Eddy, 1981).

1.3.4 Neutral amino acid transport in mammalian cells

The major systems responsible for the transport of neutral amino acids, including

cysteine, in mammalian cells are widely expressed (Table 1.1). Most mammalian cells

express a common "core" set of amino acid transport activities. Different cell types also

have a wide variation in the total number, type and activity of their transport systems. The

diversity of amino acid transport systems makes it difficult to determine exactly how many

transporters are operating in a cell and the exact function of each transport system (Kilberg

et a\.,1993).

Three main systems, known as System A, ASC and L (described below), are

responsible for the majority of neutral amino acid transport in mammalian cells (Shotwell er

al., 1983). These systems are active in most mammalian cells and exhibit overlapping

transport activities. Transport systems specific to a single amino acid tend to be considered

typical for microorganisms, whereas in eukaryotes a given amino acid may be transported

simultaneously by two or more systems (Christensen, 1990).
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Hepatocytes, fibroblastsGlutamate, cystinex"

tslastocysts, Xenopus
oocytes, fibroblasts

Neutral and basic amino
acids

bo'+

WidespreadLysine, histidine, argininey+

WidespreadMainly branched-chain and
aromatic amino acids

L
a+- e

WidespreadGlutamate, aspartateXnc'

,tslastocysts, Xenopus
ioocytes, fibroblasts

Broad specificity; most
neutral and basic amino acid

Bo'+

Intestrnal eprthelral cellsllroad specrticity; most
neutral amino acids

B

Renal eprthelral cells, brush-
border membranes

Broad specificity; most
neutral amino acids

B,o

LrverGlutamine, histidine,
asparagine

N

WrdespreadSmall aliphatic amino acids;
not metþl-AIB

ASC

WidespreadSmall aliphatic amino acids;
methyl-AIB

A
Na+-dependent transport systems

DistributionSpecificitvSystem

Table 1.1: Some of the major amino acid transport systems, their substrate specificity

and location (adapted from McGivan and Pastor-Anglada, 1994).

I.3.4.1 System L

System L catalyses the Na+-independent transport of branched chain and aromatic

amino acids, including leucine, isoleucine, valine, phenylalanine, cysteine and the

nonmetabolizable analogue 2-aminobicyclo-12,2,11-heptane-2-carboxylic acid (BCH)

(Shotwell et aL, 1982). However, most of the neutral amino acids are transported by this

system to some degree. The Na+-independence is the most striking property differentiating

this system from the other neutral amino acid transport systems. Exchange properties of

system L are very strong, however net transport, be it inward or outward does occur via a

unique process. Evidence suggests that system L utilises asymmetric affinity for substrates

on either side of the membrane. The broad substrate affinity of system L allows the

concentration of selected neutral amino acids while other amino acids are utilised

intracellularly for the exchange process (Christensen, 1990).
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1.3.4.2 System A

System A catalyses the Nar-dependent transport of small aliphatic amino acids,

including alanine, serine, glutamine and glycine. The properties which characterise system

A include the transport of N-methylated amino acids, an altered transport activity when

extracellular pH is lowered and trans-inhibition when an increased intracellular amino acid

concentration inhibits transport (Kilberg et al., 1981). The toleration by system A of an N-

methyl group on substrates is an important property differentiating it from systems ASC

and L. The non-metabolisable alanine analogue N-methylamino-ü-isobutyric acid (MeAIB)

is used for this purpose and forms the model substrate of system A. An important property

which is unique to system A is its ability to be induced by a variety of factors including

amino acid starvation, osmotic stress, growth factors and hormones (McGivan and Pastor-

Anglada, 1994).

1.3.4.3 System ASC

System ASC was first characterised in Erlich ascites cells (Christensen et al.,1967)

and catalyses the Na+-dependent transport of alanine, serine, cysteine and threonine.

System ASC is characterised by its relative insensitivity to pH changes in the extracellular

compartment, high stereospecificity, intolerance to transporting N-methylated substrates,

its ability to be trans-stimulated and the fact it is found in nearly all cell types. The external

presence of amino acids accelerates the exodus of the amino acids previously accumulated

(Christensen et aL,1967; Guidotti et aI.,1978).

Although the original abbreviation ASC was given to this system, it tends to

generate an excessive focus on three amino acids (alanine, serine and cysteine) when it

should be thought of as arbitrary and in no way a full list of the systems substrates

(Kilberg et a|.,1981). Whilst these amino acids do form core substrates of the system, the

relative affinity and transport capacity of system ASC for these amino acids changes

significantly depending on the cell or tissue under study (Christensen, 1990).
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1,3,4.4 System Bo

This was originally described by Stevens et aL (1982) in rabbit jejunal brush

bo rder membrane vesicles, as a broad specificity Na+-dependent system which transports

most amino acids. Although this system differs slightly in amino acid specificity from the

other main sodium-dependent systems, A and ASC, it also exhibits a significant degree of

overlap with both systems. The most notable differences are its failure to transport MeAIB,

a known substrate of system A, and its acceptance of the amiadated amino acids, glutamine

and asparagine, which are not system ASC substrates. Another distinguishing feature of

system Bo, is that it has been proposed to be unique to epithelial cells, having a role in

apical transport in the intestine and kidney, whiçh is thought to play a major role in the

reabsorption of amino acids in these tissues (Palacin et al., 1998).

1.3.5 Transport system ASC is the major transporter of cysteine

Specific inhibitors exist for system L (BCH) and system A (MeAIB). However,

lack of a suitable inhibitor specific to system ASC has hampered efforts to discriminate the

proportions of amino acids entering cells through this system. Current methodologies are

limited to indirect measures that compare specific properties associated with substrate

recognition, energisation and regulation. Kinetic parameters obtained are used to determine

the relative contribution of the three systems (4, ASC and L).

The uptake by each system is expressed as a percentage ofthe total transport for a

particular amino acid (Christensen, 1990).'When such measurements were made, it was

found that in intestine, hepatic cells and fibroblasts the transport of cysteine by system

ASC accounted for almost the entire transport of cysteine in non-starved cells (Kilberg er

aI., l98I: Franchi-Gazzola et al., 1982). Furthermore, system ASC accounts for about half

the cysteine uptake in human red blood cells, the remainder being transported by system L

(Young et aL, 1979). The importance of system ASC activity in fibroblasts was further

demonstrated by Bussolati et al. (1991), who showed that 9OVo of threonine transport

occurred through system ASC. Hence while system ASC appears to be ubiquitous its

properties vary considerably among cells and tissues (Christensen, 1982).
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1.3.6 Cysteine transport and the protective function of glutathione

The tripeptide y-L-glutamyl-L-cysteinylglycine, (reduced glutathione, GSH) is

present in high concentrations in mammalian cells (0.5-10 mM) (Cooper, 1983), while the

cysteine concentration is generally low (10-100 pM) in normal tissue. Glutathione has a

reactive sulftrydryl group which gives it the important function of protecting cells from

oxidative damage (Christensen, 1990). It also provides an inert form in which cysteine can

be transported, thus avoiding the toxicity high concentrations of cysteine have on

mammalian cells.

Glutathione is synthesised by a two step enzymatic reaction (Cooper, 1983) which

is rate-limited by the supply of precursor amino acids, primarily by cysteine and to a much

lesser extent, glutamate and glycine (Young and Nimmo,l975). A congenital red blood

cell GSH deficiency has been reported in man and sheep (Beutler, 1972, Smith and

Osburn, 1967).In man the deficiency has been attributed to either of the two enzymes

involved in GSH biosynthesis. However, a GSH deficiency in Finnish Landrace Sheep

(Finn-type; Young and Nimmo, I975; Young et al., 1975a) is unusual because both

eîzyme activities are normal. Sheep exhibiting the Finn-type GSH deficiency develop

hemolytic anaemia, due to a reduced amino acid permeability which limits the availability of

GSH precursors, cysteine, glutamate or glycine. Transport of cysteine was sixfold greater

in normal Finnish Landrace cells compared to GSH-deficient Finnish Landrace cells. The

studies revealed a slight difference between the cells for glycine uptake but showed no

difference in glutamate transport (Young et aL, 1975b). Hence, the GSH-deficiency in

Finnish Landrace sheep is due to a diminished availability of cysteine, a vital substrate for

GSH synthesis.

Human erythrocytes take up cysteine mainly by the Na+-dependent system ASC. In

sheep and horses, a comparable cysteine-transporting system exists (designated asc) which

functions in a Na*-independent manner. Interestingly, the glutathione levels are normal in

the reticulocytes, liver and kidney of GSH-deficient Finnish Landrace sheep; hence the

defective gene appears to be expressed specifically in the erythrocyte (Christensen, 1990).

Furthermore, the transport defect suggests that erythrocytes possess a unique version of

system ASC. This suggests that amino acid transport systems ubiquitously expressed in
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mammals are likely to have evolved to suit the specialised requirements of different cell

types. These transporters may result from expression of allelic variants, differential

splicing, tissue-specific expression of multigene family members or alternatively they may

represent unique amino acid transporters.

1.4 Molecular Biology of Amino Acid Transporters

I.4.1 Isolation of the first mammalian amino acid transporters

Amino acid transport proteins have been studied using physiological techniques for

many decades. The isolation of amino acid transporters has been slower than other solute

transporters, probably caused by the lack of suitable inhibitors specific to each class of

amino acid transporter. Analogues of amino acids only act as weak competitive inhibitors

that are often transported by a number of transport systems (McGivan and Pastor-Anglada,

r9e4).

The first amino acid transport activities were isolated during the mid 1980's. These

initial reports described the solublisation, purification and reconstitution of amino acid

transport activities in artificial phospholipid membranes. This process led to the isolation of

transport activities from pig cortex membranes (Koepsell et al., 1984), system A

(Fafournoux et al., 1989) and system N from rat liver (Tamarappoo and Kilberg, 1991)

and the broad-specificty system from bovine kidney (Doyle and McGivan,I992a,b).

The first mammalian metabolite transporter to be cloned was the intestinal Na+-

dependent glucose transporter (SGLTI; Hediger et al.,l98l), while the first amino acid

transporter cloned was the system y+, cationic amino acid transporter (MCAT; Closs et al.,

1993a). A number of additional amino acid transporters have since been isolated from a

wide variety of mammalian tissues. The majority of these transporters belong to large

families and include the glutamate/aspartate transporters (Pines et a1.,1992; Storck et al.,

1992; Kanai and Hediger,1992), the rBAT/1.{BAT transporter associated proteins (Tate er

al.,19921' Wells and Hediger,1992; Bertran et aI.,1992), cationic amino acid transporters

(Closs et a\.,1993a,1993b) and the neutral amino acid transporters (Arizza et al., 1993;

Shafquat et a1.,1993; Liao and Lane, 1995; Utsunomiya-Tate et a1.,1996; Kekuda et al.,

1996; Kekuda et al.,1997).

ilifi¡t
t

i

!



Chapter One 24

,.t
il{
t.Ì
I

1.4.2 Functional testing of amino acid transporters

The functional testing of transporter cRNA or purified mRNA fractions is generally

conducted using defolliculated oocytes from the toad, Xenopus laevis. These oocytes are

used to study membrane transport phenomena because their large size (lmm diameter,

0.5p1 volume), availability and ease of handling makes them ideal for testing the activity of

exogenous mRNA (Coleman, 1984). Amino acid transport across the oocytes plasma

membrane is monitored using radiolabelled substrates and/or voltage clamp studies.

Voltage clamp studies use two electrodes in contact with the oocyte to measure

changes in the flow of ions across the plasma membrane. This protocol is suited to amino

acid transport studies because most systems rely on the counter transport of an ion (ie

Na+). Voltage clamp studies are also useful for testing the transport of substrates that are

difficult to label. Generally, both tracer and voltage clamp experiments are combined when

testing the functionality of a particular amino acid transporter clone (Frommer and

Ninnemann, 1995).

A complicating factor when using Xenopus oocytes to characterise the function of

cloned amino acid transporters is that oocytes possess significant endogenous transport

activities. Although overexpression of the cloned transporters is achieved at levels which

minimise the background contributed by the endogenous transport activity, functional

studies must still take into account the level of amino acid transport occuning through other

systems present in oocytes (Campa and Kilberg, 1989). Such endogenous transport

activity may be beneficial for functional analysis of amino acid transporters as some

components of it may provide the additional subunits or other membrane proteins that are

required for transport activity (see 1.4.5.1).

I
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1.4.3 Isolation and characterisation of neutral amino acid transporters

In the course of a large-scale sequencing project of human brain-derived cDNAs, an

expressed sequence tag which had significant homology to the cloned glutamate

transporters (System X¡c-) was isolated. The full length cDNA sequence was

simultaneously published by two groups (Arizza et al., 1993; Shafquat et al., 1993) which

named the sequences ASCT1 and SATT, respectively. These clones shared 4O-44Vo amino

acid identity with the glutamate transporters (Kanai and Hediger,1992; Pines et a1.,1992;

Storck et al.,1992).

Functional characterisation of the ASCT1 clone inXenopus laevis oocytes showed

that it belonged to the transport system ASC which transports alanine, serine, cysteine and

threonine. Other features exhibited by ASCT1 included a sodium dependence, no inhibition

by the system A inhibitor MeAIB and no transport of N-methylated substrates or glutamate

(Arizza et a1.,1993).

To date, four different Na*-dependent neutral amino acid transporters (ASCTI,

Arizza et a1.,1993; mASCT2, Utsunomiya-Tate et al.,1996; hATBo, Kekuda et a1.,1996

; riATBo, Kekuda et al., 1997) have been isolated from mammalian tissues (Table 1.2).

These transporters share high amino acid identity and a similar substrate specificity but

each possesses a unique tissue distribution and functional characteristics. Despite the

similarities shared between the human transporters (ASCTI and hATB") they are distinct

proteins from separate genes, located on chromosomes 2 pl3-pl5 and 19 q13.3

respectively (Hofmann et al., 1994; Kekuda et al., 1996).

Ala, Ser, Cys,
Thr, Gln, Asp

Ala, Ser, Cys,
Thr, Gln, Asp

Ala, Ser, Cys,
Thr, Gln, Asp

Ala, Ser, Cys,
Thr

High attinity
substrates

same as hATBoplacenta,lung,
skeletal muscle,

kidney,
pancreas

kidney,lung,
large intestine,
skeletal muscle,

testis

brain, pancreas,
skeletal muscle

Tissue
distribution

rabbit intestinehuman placentamouse testeshuman brarn'l'issue of orrgrr
54r54r553532Protein length
2.62.92.12.7cDNA size(kb)

riA'l'lJ-hA'l'lt-mASC'l'ZASC'l'1

Table L.2: Comparison of features exhibited by members of the neutral amino acid

transporter family.

I
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The functional testing of these cDNAs has been conducted in a variety of cells,

including Xenopus oocytes (ASCT1, Arizza et al.,1993; mASCT2, Utsunomiya-Tate et

al., 1996), HeLa (SATT, Shafquat et al., 1993; hATBo, Kekuda et a1.,1996; riATBo,

Kekuda et al., 1997) and 3T3-L1 adipocytes (AAAT, Liao and Lane, 1995). The transport

profiles published for these cDNAs with the exception of ASCT1 and mASCT2 have been

questionable, due primarily to the diverse range of cell types used for functional testing.

These inconsistencies make it difficult to directly compare the kinetic parameters (I(m and

Vmax) of all neutral amino acid transporter clones, however such a comparison is possible

for ASCT1 and mASCT2 (Table 1.3). Considering these and other kinetic parameters, it is

clear that these two transporter clones are members of similar but distinct amino acid

transporter classes.

2tI'37Threonine
I988Serine
I929Cysteine
IE1IAlanine

ASC'I'Z
Km (ttM)

ASC'I'I
Km (rrM)

Amino acic

Table 1.3: The Km (pM) values reported for transport of neutral amino acids by the

ASCT1 and mASCT2 transporters (Arizza et al., 1993; Utsunomiya-Tate et aI., 1996) are

shown.

L.4.4 Transmembrane structure of transport proteins

The family of glutamate and neutral amino acid transporters has expanded to include

cDNAs from a variety of species. However, the exact membrane topology for this family

of transporters remains unclear and very little is known about the mechanism by which

they translocate amino acids across the lipid bilayer. The glutamate and neutral amino acid

transporters have no sequence identity with the large families of Na+/Cl- dependent

neurotransmitter transporters nor with the family of Na+-dependent glucose transporters.

Hydropathy analyses of both these transporter families show a clearly defined arrangement

of hydrophobic domains which span the membrane (Kanai et aI.,l993a).
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The original reports on the glutamate transporters proposed different numbers (6, 8

and 10) of membrane spanning domains (Pines et al., 1992 (Gltl); Storck et al., 1992

(GLAST); Kanai and Hediger, 1992 (EACCl)). However, comparison of the hydropathy

plots reveals a pattern that is common to all (Kanai et al., 1993b). Furthermore,

differences in the proposed membrane structure of the two neutral amino acid transporters

(ASCT1, SATT) is surprising considering they both represent the same protein sequence!

This suggests that the transmembrane topology of this family of transporters cannot be

determined from sequence considerations alone (Kanai et aL,l993a;1993b).

While the exact membrane structure of the neutral amino acid and glutamate

transporters is not known, the current accepted model for these transporters has seven

hydrophobic domains in the N-terminal half of the proteins (Figure 1.7). These domains

are all large enough to span the membrane bilayer in an cx-helical manner. The C-terminal

half of these transporters contains six short hydrophobic stretches spaced almost equally

along the proteins. However, these regions are too short to span the membrane through the

classical cr-helical organisation. Until additional structural information is obtained for the

glutamate and neutral amino acid transporter families it will be difficult to determine their

exact structure (Hofmanî et aL.,1994).
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Figure L.7: Proposed structure of ASCT1 contains 12 membrane spanning domains. The

hypervariable extracellular domain contains two potential N-glycosylation sites (*).

Adapted from Hofmanî et aI. (1994).

1.4.5 Structure-function relationships of the amino acid transporters

L.4.5.1 Amino acid transporters may require multiple subunits

Evidence suggests that amino acid transporters may require interaction with

additional subunits or other membrane proteins to exhibit their transport activity. The

expression of a single transporter clone in XenopuJ oocytes may produce a transport

activity that represents only a portion of the system being examined or it may produce no

observable transport activity because additional subunits or proteins are required for

transport activity (Van Winkle, 1993).
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'When the neutral and basic amino acid transporter (NBAT) was isolated from rat,

rabbit and human kidneys it was proposed to have an unusual membrane topology

compared to other amino acid transporters, with only 4 membrane spanning domains (Tate

et al., 1992; Wells and Hediger, 1992; Bertran et aI., t992). The atypical topology has

prompted speculation that the NBAT proteins are not themselves a transporter but a

regulatory subunit required in a larger complex (Wang and Tate, 1995). Kidney brush

border membranes were fractionated by SDS-PAGE under reducing and non-reducing

conditions followed by western blot analysis using antibodies directed against NBAT. A

single 85kDa protein was detected under reducing conditions while the same protein and

another 130kDa protein were detected under non-reducing conditions. These findings

suggest that NBAT-mediated amino acid transport involves a heterodimer of NBAT

(85kDa) and another protein (50kDa). Furthermore, expression of NBAT in Xenopus

oocytes produced a single 85kDa immunoreactive band under reducing conditions, while

non-reducing conditions produced a 135-l40kDa immunoreactive band. These findings

suggests that NBAT associates with a protein of oocyte origin which is approximately

50kDa (\Mang and Tate, L995) and is likely to be required for functionality.

1.5 Project Aims

The overall aim of this project was to study the role of amino acid transporters in

wool biosynthesis. Considering the high requirement for amino acids in wool

biosynthesis, in particular cysteine, the study concentrated on the characterisation of

expression of the neutral amino acid transporters of system ASC in the wool follicle. This

thesis describes the isolation and functional characterisation of an ovine system ASC-like

amino acid transporter cDNA which is expressed in the wool follicle. This involved

isolation of the full length cDNA sequence, localisation of expression in the wool follicle,

quantitation of expression in sheep tissues and functional characterisation of the transporter

in Xenopus oocytes to determine its amino acid transport properties.
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MATERIALS AND METHODS foT RECOMBINANT DNA TECHNIQUES

2.L Materials : Materials used in this thesis work and their sources are detailed below.

2.I.1 Bacterial strains

The two Escherichia coli strains used in this thesis were DH5cr and Glv[ZI63. Their

genotypes are:

DH5ct : F- fS0dlacZ^M15 L(lacZYA-argF)U169 deoR recAl endAl hsdRl7 (r¡-

,mk+) phoA supE44 l- thi-l gyrA96 relAl (Hanahan, 1983; Bethesda Research

Laboratories, 1986)

GM2163: F- ara-14leuB6 thi-1 fhuA31 lacYl tsx-78 galKZ galT22 supE44 hisG4

rpsl136 (Strr) xyl-5 mtl-l dam13::tn9(Camr) dcm-6 mcrBl hsdR2 (rk-mk+) mcrA

(New England Biolabs, USA)

2.1.2 Plasmids

The plasmids pBluescript KS+ (Stratagene, USA) and pSP72T (Promega, USA)

were used for DNA cloning described in this thesis. The pGEMHE vector (Liman et al.,

1992) was used for expression studies in Xenopus oocytes. A plasmid clone containing the

coding region of the human ASCT1 transporter, was a generous gift from Dr. Susan

Amara, Vollum Institute, Portland, Oregon.

2.1.3 Enzymes

Restriction Endonucleases (Promega, USA;New England Biolabs, USA;

Boehringer Mannheim, Germany)

RNase A, RNase T1, Lysozyme, Anti-rabbit IgG alkaline phosphatase conjugate

(Sigma Chemical Company, USA)

RNasin, T4 DNA Ligase, Klenow Polymerase,T3nT RNA Polymerases,

Pfu DNA Polymerase (Promega, USA)

Proteinase K (Merck, Germany)

T4 Polynucleotide Kinase (Bresatec, Australia)

Calf Intestinal Phosphatase (New England Biolabs, USA)
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Collagenase (Boehringer Mannheim, Germany)

UlTma DNA Polymerase, AmpliTaq DNA Polymerase (Perkin-Elmer, USA)

eLONGase DNA Polymerase (Life Technologies, USA)

2,1.4 Radiochemicals

DNA sequencing:

¡6r-35S1aRTP (specific activity, 1000- I s00ci/mmole; Bresatec, Australia)

tl-32p1¿efP (specific activity, 4000Ci/mmole; Bresatec, Australia)

Olisolabellins:

¡e¿-32f1OCTP (specific activity, 3000Ci/mmole; Amersham, United Kingdom)

In situ hybridisation:

¡ç¿-32l1rUTP (specific activity, 3000Ci/mmole; Bresatec, Australia)

¡e¿-33e1rUTP (specific activity, 2000Ci/mmole; Amrad Biotech, Australia)

Amino acid uptake studies:

3H-L-alanine (specific activity, 96Cilmmole; ICN, USA)

35S-L-cysteine (specific activity, 1 O75Ci/mmole; ICN, USA)

2.1.5 Molecular Biology Kits

Sequenase T7 DNA sequencing kit (Amersham, United Kingdom)

BresaBind DNA purification kit (Bresatec, Australia)

5'RACE kit (Life Technologies, USA)

Sequitherm cycle sequencing kit (Epicentre Technologies, USA)

Superscript II first strand cDNA Kit (Life Technologies, USA)

Megaprime oligolabelling kit (Amersham, United Kingdom)

mMessage mMachine RNA synthesis kit (Ambion, USA)

RNA Protection II kit (Ambion, USA)

PolyATract mRNA isolation kit (Promega, USA)
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2,1.6 Oligonucleotides

All oligonucleotides were purchased from Bresatec. The oligonucleotides were

either crude preparations, purified by fractionation using 7M Urea denaturing

polyacrylamide gels (l9%o;40:1; see 2.2.6.2) or RPC/HPLC purified by supplier. All

oligonucleotide stocks were resupended in Milli-Q water at 100pM and stored at -20"C.

Below is a list of gene-specific oligonucleotides used, giving the name, binding site on the

full length oASCT2 cDNA sequence and the J'-2J'sequence. The position of these

oligonucleotides is shown in brackets and corresponds with the full-length oASCT2 cDNA

sequence (Figure 3.13). Degenerate inosine-containing oligonucleotides are also shown in

Table 3.1. The degenerate bases of these oligonucleotides are represented by single letter

abbreviations, S = CG; Y - TC; H = ACT; N = ACGT; V = CGA; D = TAG; R = AG and

I = Inosine.

PGEM (899-917)

NLFP (1199-1220)

NMDG (1804-1786)

FIAQ (1846-1828)

NrLG (1315-1334)

GIMT (r663-r64s)

FLDL (1200-1r80)

PLW (es0-e68)

vALR4s4 (1376-1357)

WAAL120 (1022-t04t)

VALR2 (1373 -1357)

AALF2 (r023-tD4t)

LPLV43 (962-944)

AFRS330 (r2s2-r229)

LPLY#2 (969-949)

FLDL#2 (1200-1178)

5' -TAGAATTCSITTYCCIGGIGAIHTNYT-3'

5'-TAGAATTCAYHTITTYCCtrVIAAYYTNGT- 3'

5'-TAGAATCDNGCIGYICCRTCCATRTT-3'

5' -TAGAATTCYRTTNAIYTGIGCDATRAA- 3'

5' -ATGAACATCCTGGGCCTGGT-3'

5' -CCAGCGGCGTCATGATTCC-3'

5' -ATTTCTCACAAGATCCAGGAA-3'

5' -TCGTGGTGTGCAGCCTGAT-3'

5' -AACAACTTCCGCAGGGCGAC-3'

5' -GGCTGCTCTTTTTCCTTGTC-3'

5' -TAGAATTCAACTTCCGCAGGGCGAC-3'

5' -TAGGATCCGCTGCTCTTTTTCCTTGTC-3'

5' -CTGCACACCACCAGCGGTA-3'

5' -AGGAGGTAGTGTATGAGCGGAAGG-3'

5' -GATCAGGCTGCACACCACCAG-3'

5' -ATTTCTCACAAGATCCAGGAACG-3'



LRLL2O (941-918) 5'-ATGATCATCTTTAACAGGCGGAGC-3'

KMII4O (918-941) 5',-GCTCCGCCTGTTAAAGATGATCAT-3',

Splice5'#l (1165-1184) 5'-GAGGTGCTCGATTCGTTCCT-3'

Splice5'#2 (1259-1278) 5'-AGATATTGTTCAACGGCAGC-3'

Splice3'#l (1403-1384) 5'-AAGCGAATGAGCAGCTCTCC-3'

Splice3'#2 (1354-1335) 5'-CAAAGATGATGGCAAACACC-3'

s'ASCT-2 ( 107 1- 1090) 5'-TTCCCCTCCAACCTGGTGTC-3'

3'ASCT-2 (t234-1215) 5',-ACCAGGCCCAGGATGTTCAT-3'

sRACE . 5'-GGCCACGCGTCGACTAGTAC-3'

SRACEupper (778-795) 5'-CGCGCCAACCTGCTGGTG-3'

SRACElower (195-178) 5'-CACCAGCAGGTTGGCGCG-3'

ATG (626-647) 5'-TAAAGCTTTCATGGTGGCCGATCCGCCTAA-3',

TGA (225t-2230) 5'-TAGAATTCTTCACATGACTGATTCCTTCTC-3'

SRACEuntrans (582-560) 5'-TTGGGGTTCCTTCTCAGGACGCT-3'

3'RACEsense (268 I-2662) 5'-AGCAtuq\r{GAGCCAGCAACCT-3'

3'RACEasense (2662-2681) 5'-AGGTTGCTGGCTCTTTTGCT-3'

CYST912 (1796-1815) 5'-GTGCCGCGCTCTTCCAGTGT-3'

3RACEsense2 (2437 -2420) 5'-ACACTCAAGCAGCATACA-3'

3RACEasense2 (2420-2437) 5'-TGTATGCTGCTTGAGTGT-3'

CYSTfwd (2026-2043) 5'-TCCTGTACCATCCTCACC-3'

CYSTrev (2043-2026) 5'-GTTGAGGATGGTACAGGA-3'

vRcc (763-780) 5'-GTGCGTCGCTGCCTTCGC-3'

GA\ryA (992-975) 5'-GGATCCAGGCTGGCGGCG-3'

SRACEcyst (607-584) 5'-CTTAGCGCCTGCAAGCTGGGAGCG-3'

CYSTutrl (504-485) 5'-AGTTGTGAGTTCACAGCGCT-3'

CYSTutr2 (308-289) 5'-CTCCGGAAGGGTTGAAGACG-3'

CYSTutr3 (391-410) 5'-CTTTCAGCGCCGGGCACAGA-3'

CYSTpoly^ (2112-2129) 5'-CGTGCCGGAGCTAATCCA-3'

HINDTERM . 5'-CTAAGCTTTGATAGTGAAAA-3'
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2.1,.7 General Chemicals, Reagents and Hybridisation Membranes

Sigma Chemical Company. USA: Acrylamide, agarose, ampicillin, bovine serum albumin

(BSA), dithiothreitol (DTT) ethylenediaminetetra acetic acid (EDTA), isopropyl B-D-

thiogalacopyranoside (IPTG), 2-mercaptoethanol, mineral oil, phenylmethanesulphonyl

fluoride (PMSF), salmon sperm DNA, sodium dodecyl sulphate (SDS), sarkosyl (sodium

dodecyl sarcosinate), Tris ITris(hydroxymethyl)aminomethane], N,N,N,N'-

tetramethylethylenediamine (TEMED), 3-aminopropyl-triethoxy-silane (TESPA),

Tween 20.

B ioRad. US A : Zetapr obe GT, bis- acrylamide (N,N' -methylene-bis -acryl amide).

Promega. USA: 5-bromo-4-chloro-3-indoyl-phosphate (BCIP), nitro blue terazolium

(NBT), rNTPs

Boehringer Mannheim. Germany: Glycogen (Molecular Biology Grade), dNTPs

Progen. Australia: 5-bromo-4-chloro-3-indoyl-B-D-galactopyranoside (X-Gal)

Amersham-Pharmacia Biotech. United Kingdom: Hybond-ECL nitrocellulose,

polyvinylidene difluoride (PVDF), Sepharose CL-68

Life Technolosies. USA : Low melt asarose ltvne I). suanidinium isothiocvanate.

2.2 Methods

2.2.1 Follicle Stripping: isolation of cells comprising the wool follicle

A technique referred to as "follicle stripping" was used to isolate plucked wool

follicles from sheep skin. Follicle stripping was performed using a modified method of

Clarke and Rogers (1970). Briefly, the midside of the sheep was shaved with small animal

clippers (Oster, WI). Sections of gauze mesh were placed over the shaven region and

overlayed with a thin layer of denture resin (Vertex SC; Dentimex, Holland). Once set, the

patches with fibre ends embedded into the resin were prised off the skin with gloved

hands. The patches were then transferred to liquid nitrogen and the follicle bulb/shaft

material collected into guanidinium isothiocyanate (Life Technologies) solution D

(Appendix 1) for preparation of RNA.
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Corriedale wethers were initially anaesthetised with Nembutal (Boehringer

Ingelheim, Germany) and then maintained on Halothane (ICI, United Kingdom)

throughout the follicle stripping procedure. Once adequate samples had been collected, the

wethers were euthanased with Lethabarb (Verbac, Australia). The organs were removed

from a corriedale wether, snap frozen in liquid nitrogen and stored at -80"C until required.

This work was carried out according to Animal Ethics guidelines set down by the

University of Adelaide and under the Animal Ethics number (W/64/96A).

2,2.2 Isolation and purification of total RNA

Total RNA was obtained from Corriedale organs and stripped wool follicles using

the acid-guanidinium isothiocyanate method decribed by Chomczsynski and Sacchi (1987).

Total RNA was resuspended in TE + 0.5Vo SDS and stored at -80'C. PolyA+RNA was

isolated using the Poly ATract (Promega) according to the manufacturers instructions. The

integrity of total and polyA+ RNA was assessed on a lVo agarose gel (section 2.2.6.1).

The concentration of RNA was determined using a Shimadzu UV or Pharmacia GeneQuartt

spectrophotometer measuring absorbance at 260nm (where a 4Opg/rnl solution of RNA has

Azøo = 1.0).

2,2.3 Preparation of plasmid DNA

Plasmid DNA was prepared from E. coli (DH5cr or GM2163) cultures grown in

LB medium (Appendix l) containing 100pg/ml ampicillin. Plasmid DNA was prepared

using alkaline lysis minipreps (Birnboim and Doly, 1979). Larger scale DNA preparations

were performed by column chromatography using mini ion-exchange columns (Bresatec,

Australia), according to the manufacturers instructions. Nucleic acid concentration was

determined by measuring the spectrophotometric absorbance of solutions at 260nm.

Nucleic acid concentration was determined assuming a standard Azoo absorbance value of

1.0 is measured for a 50pg/ml aqueous solution of double-stranded DNA. The 28O/260

ratio was calculated and used to measure the purity of nucleic acid preparations.



2.2.4 Phenol/chloroform extraction and ethanol precipitation of DNA

Phenol was equilibrated with 0.lM Tris-HCl (pH8.5) as described in Sambrook et

aI. (1989). Nucleic acid solutions were extracted with an equal volume of

phenol:chloroform:isoamyl alcohol (25:24:l). The organic and aqueous phases were

resolved by centrifugation (14000rpm/5mins). The aqueous phase was then extracted with

an equal volume of chloroform and resolved again by centrifugation. After transfer of the

aqueous phase to a fresh tube, nucleic acids were precipitated with ethanol or isopropanol

as described in Sambrcok et al. (1989). Routinely, 29¡tg of glycogen was added to

facilitate precipitation and to enhance pellet visualisation.

2.2.5 Restriction endonuclease digestion of DNA

Restriction endonuclease digestion of plasmid DNA was performed in lx

Super Dooper Buffer (SDB) (Appendix 1) containing 2 units of enzyme per ug of DNA.

The majority of reactions were performed at3J"Cfor l-2 hours. However, some enzymes

(i.e. BstXI and SmaI) were incubated at the temperature recommended by their

manufacturer.

2.2.6 Gel Electrophoresis

2.2.6.1 Agarose gel electrophorsis

Small scale preparative and analytical gels were performed using a horizontal mini

gel apparatus, essentially as described by Sambrook et aI. (1989). These gels were

prepared on double-size microscope slides and contained 10mls of agarose. DNA samples

were mixed with 0.1 volumes of agarose load buffer (Appendix 1) and electrophoresed at

100V in 1 x TAE buffer (Appendix 1). The fractionated DNA was stained in ethidium

bromide (lOug/ml) and viewed under UV illumination. Gels were photographed using

Polaroid photography (667 film; Polaroid, UK) or the GelDoc1000 system (BioRad,

usA).
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2.2.6,2 Acrylamide gel electrophoresis

Electrophoresis of nucleic acids and oligonucleotides was conducted using a vertical

apparatus, essentially as described by Sambrook et al. (1989). Polyacrylamide gels

containing 7M urea and ranging from 5-I9Vo were run in I x TBE buffer (Appendix 1).

The gels were first pre-electrophoresed at 30mA for 2Omins before the samples were

loaded and fractionation carried out at 30 mA. Fractionated DNA fragments and

oligonucleotides were visualised as described above (section 2.2.6.1). Radiolabelled DNA

or RNA was fractionated using acrylamide gels and visualised using autoradiography.

2.2.6.3 Autoradiography

Radiolabelled DNA and RNA were detected using X-ray film (Fuji Rx, Japan) in an

autoradiography cassette with intensifying screen (DuPont, USA) or using a

Phosphorlmager screen (Molecular Dynamics, USA). X-ray exposures were performed at

room temperature when using 35s-labelled radionucleotides and at -80"C when using 32p

and 33P-labelled radionucleotides. X-ray film was developed (Phenisol X-ray developer;

Ilford, Australia) and fixed (Hypam rapid fixer; Hypam hardener; Ilford, Australia) under

safelights (Kodak, Australia).

2.2.7 Purification of DNA from agarose and polyacrylamide gels

The following methods were employed to purify DNA from gel slices.

l1) Low meltins ooint aearose: ohenol extraction of melted sel slices in 2.5 vols of TE

(Appendix 1) buffer using 1.5 vols of phenol and ethanol precipitation of the aqueous

phase.

(2) BresaClean (Bresatec): agarose gel slices were dissolved in NaI, the DNA bound to

silica beads, then DNA-bound beads washed several times and DNA eluted in MQ water.

(3) Liquid nitrogen "freeze-squeeze": agarose gel slices were snap chilled in liquid

nitrogen for 5 minutes, thawed rapidly at37"C, then the aqueous solution forced out of the

gel slice by centrifugation followed by phenol:chloroform extraction and ethanol

precipitation of DNA.



(4) Elution: DNA in agarose or acrylamide gel slices eluted overnight at37"C in DNA

Elution Buffer (Appendix 1), phenol:chloroform extracted and ethanol precipitated.

2.2.8 Polymerase Chain Reaction (PCR)

The conditions used for PCR varied depending on the fragment being amplified or

the DNA polymerase being used to catalyse the reaction. A25¡tl reaction volume was used

for PCR, all reactions contained 200pM dNTPs, 10pM of each oligonucleotide and were

overlayed with mineral oil (Sigma). The reactions conducted with Ultma DNA polymerase

(Perkin-Elmer) were conducted in lxUltma buffer (Appendix 1) with a MgCl2

concentration that ranged between I - 3mM. The reactions conducted with eLONGase

enzyme mixture (Life Technologies) were conducted in lx eLONGase buffer (Appendix l)

with a MgCl2 concentration that ranged between I - 2mM. The reactions were performed

on either a ramping machine (MJ Research, USA) or a Robocycler (Stratagene, USA). The

reaction products were electrophoresed in agarose gels (1 - 3Vo) against SPPVEcoRI or

pUCl9/HpaII DNA markers (Bresatec, Appendix 1).

2.2.9 End-filling

Double-stranded DNA fragments were "polished" for cloning with Klenow or Pfu

DNA polymerase. Fragments that were polished with Klenow DNA polymerase were

incubated at 3l"C for 15 mins in lx Klenow buffer (Appendix 1) and 50pM dNTPs.

Fragments polished with Pfu DNA polymerase were incubated at72"C for 3Omins in lx

Pfu buffer (Appendix 1) and 100pM dNTPs. The fragments were purified using

phenol/chloroform extraction and subsequent ethanol precipitation. Blunt-ended PCR

products were phosphorylated with T4 polynucleotide kinase (Bresatec) at 37'C for 30

mins in lx T4 Kinase buffer (Appendix 1) containing 0.5mM rATP. End-labelling of

HpaII-pUC19 DNA molecular size markers (500ng) was performed with Klenow

polymerase using 50pCi of cr-32P-dCTP.
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2.2,10 Ligation of insert and vector DNA

Plasmid vectors were linearised with the appropriate restriction endonuclease(s),

fractionated in agarose gels and then further purified (section 2.2.7). Plasmid vectors were

dephosphorylated with 0.lu Calf Intestinal Phosphatase (New England Biolabs) per pg of

DNA at 37'C for 30min in lx CIP buffer (Appendix 1). The phosphatase was heat-

inactivated at 65'C for l5min in the presence of 5mM EDTA. The reactions were extracted

with phenoUchloroform and purified by ethanol precipitation.

Ligation of DNA fragments into dephosphorylated plasmid vectors was performed

essentially as described by Sambrook et al. (1989). However, blunt-ended PCR products

generated using eLONGase (Life Technologies) were cloned into the EcoRV site of

pBluescript I KS+ using Cycle Restriction Ligation (CRL; Technical Tips Online,1997;

http://www.biomednet.com/db/tto). Ligation reactions involving CRL contained 3.0 units

T4 DNA ligase (Promega), 10 units EcoRV (Promega), pBluescript (200 - 400ng) and the

PCR product (10 - 50ng) in 1 x ligation buffer (Appendix 1). The reactions were cycled

overnight (Table 2.I) in a PCR machine (MJ Research). Competent E. coli were

transformed and plated onto LBg¡4p plates containing X-Gal and IPTG (section 2.2.II) to

allow blue/white colour selection of recombinants.

Step 1 10'C for 15 mins

Step 2 22'C for 15 mins

Step 3 4'C for 1 min

Step 4 30"C for 1 min

Step 5 37'C for 20 mins

Step 6 Repeat steps 1-5, 19 times

Step 7 37"C for 2 hrs

Step 8 65"C for 15 mins

Step t hold at 4"C

Table 2.1: Cycle Restriction Ligation (CRL) was performed for 20 cycles using the

above parameters. The DNA ligase was heat-inactivated at 65'C and the reactions held at

4'C until required.
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2.2.11 Transformation of E. coli with plasmid DNA

The strain of E. coli used for the vast majority of this project was DH5cr.

Individual DH5cr colonies were used to innoculate LB broth and incubated at 37'C with

constant agitation until OD6g0nm 0.4 - 0.6 was reached. Three methods were employed to

prepare competent cells. Cells transformed by heat shock were prepared using the CaCl2

method of Hanahan (1983) or the ultra-competent method of Inoue et al. (1990).

Competent cells transformed by electroporation were prepared using the method of (Dower

et al., 1988); these cells were snap frozen in liquid nitrogen and stored at -80'C until

required.

Blue/white colour selection was routinely used to identify recombinants. The

LBnrr¡p plates had 50pl IPTG (5Omg/ml) and 50pl X-Gal solution (5Omg/ml; in

Dimethyl Formamide) spread over their suface. The transformed cells were then plated and

incubated overnight at3J'C. The blue/white colouring process with DH5cr was often not

complete after overnight incubation, in which case the plates were placed at 4'C until the

reaction was complete.

2.2.12 ldentification of recombinant E. coli

The identification of recombinant E. coli that contain vector DNA with the desired

insert was conducted using a technique called "colony cracking" (Barnes, 1977).

Individual colonies were transferred to 15pl of cracking solution (Appendix 1) and

incubated at 65"C for 15 mins. The lysates were fractionated on a IVo agarose gel, the gel

stained in ethidium bromide and supercoiled plasmids viewed under UV illumination.

Plasmid DNA from recombinant clones migrate slower than non-recombinant plasmid

DNA. The "positive clones" were cultured in LB + Ampicillin (100¡rg/ml) and their

plasmid DNA purified (section 2.2.3).
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2.2.13 DNA sequencing

DNA sequencing was carried out by the dideoxy chain-termination method of

Sanger et al. (1977 ). The majority of the DNA sequence was obtained using the Sequenase

2.0 kit (Amersham, USA), while G+C rich regions of DNA were cycle-sequenced using

the Sequitherm EXCEL II kit (Epicentre Technologies, USA). The reactions were labelled

with either 35S-¿Atp or 32P-dATP (Bresatec) before being denatured at 95'C for 5 mins

and fractionated on a5Vo (19:1) denaturing acrylamide gel. The sequencing gels were dried

on a gel dryer (Model 583, BioRad) and the DNA sequence visualised by autoradiography,

The DNA sequencing strategies employed during this project initially involved the

generation of subclones by restriction digestion of plasmid clones but during the later

stages utilised complementary oligonucleotide pairs which rapidly produced overlapping

DNA sequence data from both strands of plasmid DNA (see Appendix 3).

2.2.1,4 Computer analysis of the nucleotide sequence

DNA sequence data were analysed using a number of different software packages.

The DNA sequences were compiled with OLIGO@4.05 (National Biosciences, Inc., MN)

and LASERGENE (DNASTAR Inc., WI) and analysed using the Australian National

Genome Information Service, Sydney (ANGIS). The GCG (Genetics Computer Group,

WI) programs (REFORMAT, BESTFIT) were used to compare the similarities between

nucleic acid or amino acid sequences. Searches for similarities between cloned nucleic acid

sequences and those contained in databases were carried out using the FASTA program

(Pearson and Lipman, 1988) or the basic local alignment search tool (BLAST) network

service run by the National Centre for Biotechnology Information (NCBI at NIH, MD)

(Altschul et al., 1990).
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2.2.15 Southern Blot Analysis

2.2,15J Preparation of genomic DNA and transfer to Zetaprobe membrane

Genomic DNA was prepared by digesting tissue samples with Proteinase K

(200pg/rnl) in I7o SDS, 50mM Tris-HCl (pH7.5), 10mM EDTA and 150mM NaCl for 16

hours at 37'C. High molecular weight DNA was purified using phenol/chloroform

extraction and subsequent ethanol precipitation (Sambrook et al. 1989).

Genomic DNA was digested for four hours at 37"C using 5 units of restriction

endonuclease per pg of DNA. The fully digested DNA was size fractionated on an agarose

gel and transferred to Zetaprobe GT membrane (BioRad) by the modified method of

Southern (1975) reported by Reed and Mann (1985) using 0.4M NaOH.

2.2.15.2 Hybridisation of radiolabelled probes to membrane bound DNA

Purified probe DNA was labelled with random primers and 32P-dCTP using the

MEGAprime labelling system (Amersham). Radiolabelled probe DNA was separated from

the unincorporated radionucleotide by size fractionation on Sepharose CL-6B columus.

The specific activity of radiolabelled probes was determined by scintillation counting

(Beckman, USA) in BCS scintillant (Amersham, UK) and probes were then denatured at

100"C for 5mins prior to hybridisation.

The hybridisation of radiolabelled DNA probes to Southern blots was conducted in

bottles using a hybridisation incubator (Hybaid, UK). The Southern blot membranes were

prehybridised in hybridisation solution (Appendix 1) for thr at 42"C. The hybridisation

solution was changed, the denatured probe added and the hybridisation canied out at42'C

for 12 - 16 hrs.

Removal of non-specifically bound probe molecules from the transfer membrane

was conducted at various stringencies. The membranes were washed twice in 2x SSPE +

0.17o SDS at 65'C for 20 mins. Higher stringency washes in 0.1x SSPE + 0.IVo SDS at

65"C were used when required. The membranes were sealed in plastic and probe

hybridisation was detected by phosphorimage analysis and autoradiography (section

2.2.6.3).
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2.2.16 Northern Blot Analysis

2.2.16.I Fractionation of total RNA and transfer to Zetaprobe membrane

Total RNA (15pg) from various tissues was resuspended in formamide

resuspension buffer (Appendix 1), 4.5p1 }JzO, 10pl deionised formamide, 3.5p1

formaldehyde (37Vo) and 2¡tl5 x Formaldehyde Running Buffer (FRB; Appendix 1).

Samples were heated at 65'C for 15mins, after addition of 2¡tl of 10x Formaldehyde Gel

Load Buffer (FGLB; Appendix 1), loaded on a IVo formaldehyde-agarose gel containing

ethidium bromide (l0pg/ml) and fractionated overnight at 30 volts. The gel was

photographed under UV illumination, equilibratedin2 gel volumes lOx SSPE for 20 mins

(twice) and transferred to Zetaprobe GT membrane under vacuum using a vacugene

manifold blotting apparatus (2016 Vacugene, LKB) at 40cm H2O pressure. Hybridisation

of the radiolabelled DNA probe was conducted in a Hybaid incubator as described in

section 2.2.15.2. The membrane was washed twice in 0.1 x SSPE + 0.IVo SDS at 65'C

and examined by autoradiography (section 2.2.6.3).

2.2.11 RNA Protection Analysis

2.2.t7.1 Synthesis and purification of RNA probe transcripts

The synthesis of sense and antisense RNA transcripts was performed from

linearised plasmid DNA using either T3 or T7 RNA polymerase. The MAXlscript kit

(Ambion) and the Riboprobe Systems kit (Promega) were used for the synthesis of cr-32P-

UTP and g-33P-UTP (Bresatec) labelled RNA transcipts. Transcription reactions were set

up according to the manufacturers specifications and incubated at 37'C for thr. The

transcription reactions were terminated by the addition of 0.1 volumes of Formamide Load

Buffer (FLB; Appendix 1). Reactions were denatured at 95'C for 5 mins and fractionated

on a 57o denaturing acylamide gel (Appendix 1). Gel slices containing full length

transcripts were excised from the gel following brief autoradiography and transcripts eluted

in TE + O.5Vo SDS at 37'C for thr. A portion of the eluate was counted in a scintillation

counter to determine the specific activity of the transcripts.
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2.2,17.2 Hybridisation of antisense probe to total RNA

Ten micrograms of total RNA was co-precipitated with 1 x 106 cpm of antisense

probe and resuspended in 24¡tl of deionised formamide and 6pl 5 x RNAP hybridisation

solution (Appendix 1). The reactions were heated at 85"C for 4 minutes and incubated

overnight at45"C.

2.2.17.3 RNase digestion and fractionation of hybridisation reactions

The hybridisations were digested with 140pg of RNase A (Sigma) and 600 units of

RNase T1 (Sigma) at37'C for 50 minutes in 350p1 1 x RNase digestion buffer (Appendix

1). Ten microlitres of proteinase K (Smg/ml) and 20pl of 107o SDS were added and the

reactions incubated at37'C for a further 30 mins. The hybridisation reactions were purified

by phenol/chloroform extraction and subsequent ethanol precipitation. The samples were

mixed with 5x FRB, denatured at 95'C for 5 mins then fractionated on a 5Vo denaturing

acrylamide gel against end-labelled a-32P-dCTP pUCl9-HpaII markers (section 2.2.9).

The gels were dried on a gel dryer (Biorad) and visualised by autoradiography (section

2.2.6.3).

2.2.18 In Situ Hybridisation

2.2,18.1 Radioactive (33p-"UTP) In Situ Hybridisation

2.2.18.I.1 Preparation of skin sections for probe hybridisation

Skin samples were removed from the midside of a locally anaesthetised

(Lignocaine, Troy Laboratories Inc., Australia) Corriedale wether using a 1cm diameter

trephine. The skin samples were fixed in 47o (w/v) paraformaldehyde containing 0.lM

sodium phosphate buffer (pH 7 .2) for 4 hours, dehydrated progressively in 507o ethanol

(lhr) and TOVo ethanol (4"C until required) then transferred to individual holding cassettes

and processed using an automated tissue processor (Appendix 1). The processed samples

were mounted in paraffin wax to allow longitudinal sectioning. Sections (7pm) were made

using a microtome (Ernst LeitzWetzlar GmBH, Australia) and were collected onto TESPA

(Sigma) coated slides.
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The paraffin wax was removed from the slides by passing them through

HISTOLENE (Fronine, Australia) for five minutes (twice). Rehydration of each section

was conducted by immersion in a series of ethanol solutions (95Vo, 80Vo and TOVo) for 2

mins then washing in2 x SSPE for 1 min. The sections were acetylated in225ml0.lM

triethanolamine (containing 25mM acetic anhydride) for 10 mins, washed twice in 2 x

SSPE for 2 mins and 10 mins, respectively.

2.2.18.1,.2 Hybridisation of probe to skin sections

The sections were covered with 36pl of hybridisation solution (Appendix 1),

overlayed with parafilm (American National Can, USA) and incubated for t hr at 52"C in a

humidity chamber. The slides were washed twice in2 x SSPE and allowed to air dry. The

hybridisation solution containing the cRNA probe was denatured at 90'C for 5 mins.

BLOTTO (skim milk powder) and B-Mercaptoethanol were added to the hybridisation

solution, 36pl of the mixture was dispensed onto preheated (52'C) slides, then sections

covered with parafilm and incubated overnight at52"C in a humidity chamber.

2.2,1,8.1,3 Stringency washes of the slides and their immersion in

emulsion

The slides were washed in 150m1 hybridisation solution (2x; Appendix 1) for 5

mins at 52"C, then washed twice in2 x SSPE and air dried. The sections were covered

with 100p1 of RNase digestion solution (Appendix 1) and the slides were incubated at

37"C for 30 mins. After washes in 2 x SSPE (2x) for 5 mins at 52"C and in 0.lx SSPE

for 30 minutes at 60'C, the sections were dehydrated by immersion in a series of ethanol

solutions (70Vo,80Vo and95%o) for 2 mins each. The slides were then allowed to dry.
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2.2.18.1.4 Application of autoradiographic emulsion

A2Vo glycerol solution (l4rnls) was preheated in a45'C waterbath in the darkroom

under Ilford safelights. L4 emulsion was added to the glycerol solution and allowed to melt

at45'C for 30mins.. The molten emulsion was mixed by inversion and slowly poured into

the dipping chambers which were held at 45"C. Hybridised slides were dipped into the

emulsion, drained and placed on a cold metal tray for 10 mins to set the emulsion. Blank

control slides were also prepared to ensure the emulsion had not been exposed. The slides

were allowed to dry for a further 2 hours and placed in a box that was made light proof by

wrapping with black plastic. The slides were stored at 4"C during autoradiographic

exposure.

2.2.18.1,.5 Development of emulsion and staining of sections

The slides were removed from the refrigerator after 7 days of exposure, allowed to

reach room temperature then placed in D19 developer for 3 mins. The slides were then

rinsed in RO H2O and transferred to Hypam Rapid Fixer (diluted I in 4 in H2O) with

Hypam Hardener (diluted 1 in 40 in H2O) for 2 mins, Slides were washed in distilled H2O

for 30 mins, allowed to dry and stained with haematoxylin and eosin each for 3 mins.

Between each stain the slides were washed twice in tap water, then allowed to dry. Finally,

after mounting coverslips in DePeX (BDH, United Kingdom), sections were viewed and

photographed using an Olympus BX60 microscope under both light and dark field

conditions.
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2.2.18.2 Non-Radioactive (DIG-rUTP) In Situ Hybridisation

2.2.18.2.1 Synthesis of DlG-labelled RNA probe transcripts

The synthesis of non-radioactive antisense RNA transcripts was performed using

the DIG RNA Labelling Kit (SP6Æ7) according to the manufacturers protocol and DIG

labelled-rUTP (Boehringer Mannheim). Transcription reactions containing 1pg linearised

plasmid template, were incubated at 37'C for 2hrs and purified using G50 coloums

(Pharmacia Biotech). The transcription reactions were combined with 0.1 volumes FLB

(Appendix 1), denatured at 80'C for 5 mins, fractionated on lVo agarose gels and

visualised under UV light after staining in ethidium bromide (lOpg/rnl). Quantitation of the

RNA probes was performed by spotting serial dilutions onto Zetaprobe-GT membrane

(BioRad) and performing antibody detection as described by the manufacturer (DIG-RNA

labelling kit; Boehringer Mannheim).

2.2.18.2.2 Hybridisation of DlG-labelled probe to skin sections

Tissue sections used for non-radioactive in situ hybridsation were prepared

essentially as described earlier (section 4.2.3.1). The de-paraffinised sections were

rehydrated in a series of ethanol washes and then prepared for prehybridisation (Appendix

1). The sections were covered with 20-30p1 of hybridisation solution (Appendix 1),

overlayed with parafilm and incubated for t hr at 58"C in a humidity chamber. The slides

were washed in 5 x SSC and allowed to air dry. The hybridisation solution containing the

DlG-labelled cRNA probe was denatured at 80'C for 5 mins. The denatured probe

(-400ng/ml) was dispensed onto preheated (52'C) slides, covered with parafilm and

incubated for 20-40hrs at 58"C in a humidity chamber.
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2.2.18.2.3 Antibody detection of DlG-probes, post-staining washes and

mounting

The slides were washed twice at room temperature in 2x SSC for 30 mins, then

once at 65"C in O.1xSSC for t hr. The application of 1/1000 dilution of the Anti-

DlG/Alkaline phosphatase conjugate to each section was performed after equilibating slides

in Buffer 1 (Appendix 1) for 5 mins. The Anti-DIG antibody conjugate was incubated at

room temperature for 2hrs, then washed twice (15 mins) at in Buffer I and once in Buffer

2 (Appendix 1). The colour reaction was performed by dispensing 200p1NBT/BCIP mix

onto each section (Appendix 1) and incubated overnight at room temperature. The slides

were washed in distilled H2O for 10 mins, allowed to dry and counterstained with light

green (BDH, UK)_for 3 mins. Finally, after mounting coverslips in DePeX (BDH),

sections were viewed and photographed using a Olympus BX60 microscope linked to an

image-capture computer package (Video Pro 32, Leading Edge, Australia).

2.2.19 ELISA and Western Blot Analysis

2.2.19.I Generation of polyclonal antibodies in rabbits and isolation

of blood for antibody titre analysis

The subcutaneous immunisation of two rabbits with an 18 amino acid

oASCT2 peptide (H-RSYTTSYKEILFNGSPVKC-NHZ; Chiron Mimotopes) is

described in Table 4.1. Testbleeds were performed at regular intervals during the

immunisation schedule to monitor the antibody titre. Five millilitres of blood was

collected from the large veins in the rabbits ears. The blood was left to clot at room

temperature, the clot was released and the samples stored overnight at 4'C. The

plasma and clot were separated next morning by centrifugation. Plasma samples were

mixed with}.lEo Sodium Azide (Sigma) and stored at 4"C until required. Terminal

bleeds were performed by a qualifed animal handler and involved the use of cardiac

puncture. The plasma from the terminal bleeds were separated and stored as

described above.



2,2.19.2 Determination of antibody titre using ELISA

The peptide-diptheria conjugate (500pg/ml) was not completely soluble in

water and was sonicated (Branson sonifier) to generate a finer suspension that was

more accurately dispensed. The sonicated peptide was serially diluted and dispensed

(50p1) into multiwell plates and left at room temperature overnight to coat the wells.

The multiwell plates were rinsed with Milli-Q water and then blocked for 45 minutes

with 1 x PBS + 0.057o Tween 2O + I7o BSA. The plates were rinsed with Milli-Q

water before the diluted plasma was added to the respective wells and incubated at

room temperature for 5 hours. V/ells were again rinsed with Milli-Q water, blocked

for 10 minutes with 1 x PBS + 0.05Vo Tween + l%o BSA and then incubated for 2

hours with a 1/5000 dilution of the secondary antibody (goat anti-rabbit Alkaline

Phosphtase conjugate; Sigma). The multiwell plate was rinsed with Milli-Q water and

the colour reaction was conducted by incubating each well with 75 pl p-Nitrophenyl

phosphate substrate solution for approximately t hour before absorbance values at

405nm were measured in a multiwell plate reader (Titrerek Mulitscan, MCC/340).

These absorbance values show the level of antibody response in each rabbit at the

time of each test bleed.

2.2.19.3 Preparation of protein extracts from sheep tissues

Follicle cells were scraped from patches (section 2.2.I) with a razor blade into

a beaker containing liquid nitrogen. The follicle matter, heart and lung tissue were each

homogenised (Ultra-Turrax) in Follicle Extraction Buffer (FEB; Appendix 1), the

homogenate was incubated on ice for 30 mins. The heart and lung homogenates were

then sonicated (Branson) before the cellular debris was pelleted at 15k for 15 minutes,

the supernatants were divided into lml aliquots and stored at -80"C. The follicle

homogenate was centrifuged at25K (SW28 rotor; Beckman) for t hour at 4'C. The

supernatant was removed and 10ml aliquots stored at -80"C. Follicle extracts were

reduced to 1ml by vacuum drying (Speedvac; Savant). The follicle samples were
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dialysed overnight at 4'C against TE buffer, using a Pierce Dialysis Cassette (MW cut-

off 10000) and then concentrated by vacuum drying to 100p1.

2.2.19.4 Electrophoresis of protein samples

The electrophoresis of protein samples was conducted using a vertical gel

apparatus (section 2.2.4) essentially as described by Laemmli (1970). The protein

samples were combined with 2x Protein Load Buffer (PLB; Appendix 1), heated at

85"C for 3mins and fractionated at 40mA alongside 5pg BRL prestained M'W

markers on a SDS-polyacrylamide gel (4Vo stacking/ l2.5Vo separating gel; 38:1

Acrylamide:Bis-acrylamide). Gels that were photographed were stained for thr in

0.17o Coomassie Brilliant Blue/407o Methanol/ljVo Glacial acetic acid and then

destained using a rapid method whereby the gel is boiled in 2L of MQ HzO in a

microwave for 15 minutes and dried onto Whatman 3MM paper at 80"C using a gel-

dryer (BioRad).

2.2.I9.5 Electroblotting proteins onto PVDF and nitrocellulose

membranes

SDS-polyacrylamide gels to be used in Western transfer analyses were

equilibrated in Towbin buffer + 20Vo methanol + 0.I7o SDS for 20 minutes. Two

types of transfer membranes were used for the Western blots; PVDF (Biorad) &

Hybond ECL (Amersham), the membranes were cut to size, placed on top of the gel

and secured in the transfer cassette. The transfer cassette rwas correctly orientated in

the tank (Trans-Blot, BioRad) and electroblotted overnight at 40V (-400mA) in

Towbin buffer (Appendix 1) according to the manufacturers instructions. To

maintain these conditions the electroblotter required a cooling system (4"C) and

constant stirring of the Towbin buffer throughout the transfer process.

50



2.2.L9.6 Antibody detection of the oASCT2 transporter

Transfer membranes were blocked for at least 3hrs in TBS + 2Vo BSA. The

membranes were incubated with 1:100 - 1:10000 dilution of each terminal bleed

plasma sample (1' antibody) in TBS + 0.05Vo Tween 20 +l7o BSA. The time (2 hrs

or overnight) and incubation conditions (room temperature & 37'C) of the primary

antibody were varied to optimise conditions for antibody detection. The membranes

were washed three times in TBS + 0.057o Tween 20 and then incubated with a

1:5000 dilution of the 2' antibody (goat anti-rabbit IgG Alkaline Phosphtase

conjugate; Sigma) for t hour. The membrane was washed twice with TBS + 0.5Vo

Tween 20, once with TBS and then reacted with 5 ml Alkaline Phosphate Buffer

(APB; Appendix 1) containing 16.5 pI BCIP (5Omg/ml; Promega) and 33 pl NBT

(5Omg/ml; Promega) for 5 minutes at room temperature. The colour reactions were

halted by immersing the membranes in RO water and then dried at 37"C on Whatman

3MM paper.
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ISOLATION OF A \ryOOL FOLLICLE NEUTRAL AMINO ACID

TRANSPORTER cDNA.

Introduction

The wool follicle requires a continuous supply of amino acids to maintain wool

growth. In particular cysteine, which is the rate-limiting amino acid for wool growth. Many

attempts have been made to increase the cysteine availability to sheep; to increase the

sulphur content of pasture, to provide cysteine-rich supplements which bypass the rumen,

or to genetically-engineer the sheep to produce more of its own cysteine. Underlying all of

these approaches is a limited understanding of the mechanism(s) which control uptake of

cysteine from the blood supply to the follicles. The work described in this chapter proposes

to examine the molecular effectors of cysteine uptake, indeed to identify the amino acid

transport proteins involved in uptake of cysteine into the follicle.

Recently, a human neutral amino transporter (ASCTI) cDNA was isolated from a

brain cDNA library (Atiza et aL, 1993). The ASCTI transporter exhibited amino acid

transport kinetics that matched System ASC, a widely expressed transport activity with

specificity for neutral amino acids. Knowledge regarding System ASC has been gathered

from many different cell types over the past 30 years (Christensen and Handlogten, 1968)

but the isolation of ASCTl represented a major step toward a better understanding of the

transport proteins involved in mammalian amino acid transport. A number of cDNAs that

exhibit DNA sequence similarity with ASCTl have since been isolated from a variety of

species, including mouse (ASCT2; Utsunomiya-Tate et al., 1996), human (hATBo;

Kekuda et al., 1996) and rabbit (riATBo; Kekuda et al.,1997).

The ASCT1 transporter has specificity for system ASC-like amino acids with the

highest affinity demonstrated for cysteine. In addition ASCT1 shares (40-44Vo) amino acid

identity with the glutamate transporters (EAAC1, GLAST, GLTl). The alignment of these

sequences with ASCT1 allowed the design of four degenerate oligonucleotides which were

used to amplify related cDNAs from the wool follicle. The degenerate oligonucleotides

amplified a partial cDNA sequence with significant DNA identity (lÙVo) to the ASCT1

transporter. The full-length cDNA sequence (termed ovine ASCT2) was subsequently

isolated using 5' and 3' rapid amplification of cDNA ends (RACE) techniques.
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3.L Methods and Results

3.1.1 Functional testing of the degenerate primers on the ASCT1 cDNA

Four degenerate PCR primers were designed based on regions of sequence

conserved between the ASCT1 transporter cDNA and related transporter clones (Table

3.1, Figure 3.1 and Appendix 2). Conserved regions either side of a hypervariable domain

were chosen to provide priming sites for 5' and 3' primer pairs. The level of degeneracy of

these primers was minimised by placing inosine bases at regions of 4-fold degeneracy;

primer degeneracy ranged between 32 and 128 fold. Inosine bases have been used

extensively in degenerate primers because they form weak base pairs with all four

deoxyribonucleotides (Case-Green and Southern, 1994).

These degenerate primers were functionally tested using the human neutral amino

acid transporter cDNA clone, ASCT1 (Aniza et a1.,1993), as a positive control. Hot start

PCR was performed on lng plasmid pBluescript-AscTl (Figure 3.2) using 2pM of each

nested or outer degenerate primer, lunit UlTma DNA polymerase and 2mM MgCl2. The

reaction conditions (annealing temperature, primer and MgCl2 concentrations) were varied

until the desired sequences were amplified. The thermocycling profile which produced

specific products (94'Cl30sec, 50"C/90sec,72"Cl90sec)36, included an initial denaturation

of 94"C for 5 minutes and a final extension at 72'Cfor 10 minutes.

TAGAATTCTATTNAI TTG IGC A;\T A;U\
CGCGG

T

3' outer
(1846-1828)

FIAQ

TAGAATICTNGC I GC I C CATCCATATT
ATGG
G

3'nested
(1804-1786)

NMDG

TAGA.A.TTCACATT TTTCC I IC IAATTTNGT
TCCGCC
TA

5' nested
(1316-1397)

NLT.P

TAGAATTCC I TTTCC IGG TGAIATNCT
GCCT

T

5' outer
(8ee-e17)

PGEM
5'-3'Sequence IPositionPrimer

Table 3.1: The degenerate PCR primer sequences are shown along with the degenerate

bases and inosine residues. The position of each oligonucleotide primer in the ASCTI

cDNA sequence is shown. Primer names correspond to the amino acid residues encoded by

ASCT1 at the priming site. To facilitate cloning EcoRI sites were included (underlined) at

the 5' end of each degenerate primer. N = 4-fold degeneracy. I = inosine residue.
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Figure 3.1: Alignment of the amino acid sequence of human ASCTI (Arriza et aI., 1993)

with the sequences of the glutamate transporter subtypes (GLAST; Storck et al., 1992,

GLTl; Pines et al.,1992,EAAC1; Kanai and Hediget,1992). Conserved amino acids are

shaded and the homolgy between sequences maximised (dashed lines). The boxed areas

show conserved regions to which the degenerate primers were designed.
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Figure 3.2: Diagrammatic representation of pBluescript-AscT1 showing the binding

location of the degenerate oligonucleotides within the coding region of ASCTl (shaded

black; not to scale) and the expected size of the respective PCR products.
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These conditions amplified a 600bp nested product and a 900bp outer PCR

product predicted from this clone. The final primer concentration was lO-fold higher than

normally used for PCR, taking into account the level of degeneracy contained in the

primers. The higher primer concentration increased both the specificity of the reaction and

the amount of PCR product that was amplified (Figure 3.3). Asymmetric PCR using single

primers gave no products (data not shown).

Ml2

1 16kb
0.98kb

0.72kb

0,48kb

900bp

600bp

Figure 3.3: Agarose gel (l%o) electrophoresis of PCR products amplified from ASCT1

with the outer and nested degenerate primers. (M) SPPyEcoRI DNA size (kb) markers; (1)

900bp PCR product amplified with the PGEMÆIAQ primer set; (2) 600bp PCR product

amplified with the NLFP/I\MDG primer set . The position of migration of PCR products is

indicated and the size estimate of products given in base pairs (bp).
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3.1.2 Amplification of a wool follicle amino acid transporter cDNA

The optimised PCR conditions were employed in an attempt to amplify cDNAs

expressed in the wool follicle that encode either the ovine system ASC homologue or a

related amino acid transporter. Wool follicle cDNA was synthesised from total RNA using

the Superscript II lst Strand cDNA Synthesis Kit (Life Technologies) and the oligodT-

MCS primer (Table 3.2).

Table 3.2: Sequence of the OligodT-MCS primer used to generate wool follicle cDNA

and the MCS primer used for 3'RACE (see 3.1.3). The degenerate bases of OligodT-MCS

anchor the primer to the 3' end of the mRNA adjacent to the polyadenylation tail.

The degenerate primers, originally designed for use in nested PCR were used as

distinct pairs to amplify the outer and nested cDNA sequences. Hot start PCRs were

performed on wool follicle cDNA using 2pM of each degenerate primer (Table 3.1), 3

units UlTma DNA polymerase (Perkin-Elmer) and 2mi|l4 MgCl2. The thermocycling profile

for the reaction was (94"C/30sec, 50"C/90sec,72'C/9}sec)4g again with initial denaturation

at 94"C for 5 minutes and final extension at 72"C for 10 minutes. The PCR samples

involving the outer pair of degenerate primers were amplified for an additional 40 cycles.

When inner primers NLFP/Ì.{MDG (Table 3.1) were used in nested PCR on wool

follicle cDNA a number of products were amplified. The control reaction performed on

follicle RNA with no reverse transcriptase failed to amplify any products, indicating that no

genomic DNA was present in the wool follicle RNA (data not shown). Asymmetric PCR

was used to discriminate the PCR products that contained both primers from non-specific

products amplified by a single primer. Two true nested products of 370bp and 430bp were

revealed whilst a 600bp product was shown to have been amplified by only one primer

(Figure 3.4). These three PCR products were purified, digested with EcoRI then cloned

into the EcoRI site of pBluescript (Stratagene) and their DNA sequences determined on

both strands. The three cDNAs and their reverse complement sequences were compared for

DNA sequence homology against the Genbank database.

5' -CCGGATCCCTGCAGGAATTCGTCG-3'MCS (24
5' -CCGGATCCCTGCAGGAATTCGTCGACT ¡1s¡ (ACG) (ACGT) -3'

Sequence (5'-->3')Primer
Name
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M1

0.98kb

0.72kb

0.48kb

0.36kb

600bp

43Obp
37Dbp

Figure 3.4: Agarose gel (lVo) electrophoresis of cDNA products amplified from the wool

follicle with the nested degenerate primers. (M) SPPyEcoRI DNA size (kb) markers; (1)

amplification of ASC430 with the NLFP/Ì.{MDG primer set .

The 430bp product exhibited strong DNA identity to the corresponding region of

the ASCTI transporter (7IVo; Figure 3.5) and lower DNA identity with members of the

glutamate transporter family (60Vo). The ovine ASC-like partial cDNA sequence was

termed ASC430. The 370bp and 600bp PCR products did not exhibit DNA identity with

any known amino acid transporter cDNA. The 370bp product exhibited high DNA identity

with a cDNA termed KIAA0308 (84Vo in 147 nucleotides; Nagase et al. 1997) which codes

for a large brain protein of unknown function (data not shown). The 600bp product

exhibited high DNA identity with a cell surface glycoprotein (78Vo in I47 nucleotides;

TROP-2; Fornaro et aL.,1995) and tumour-associated antigen (\OVo in 126 nucleotides;

G4733-l; Linnenbach et al., 7989; data not shown); both cDNAs are expressed in

epithelial tissues .
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Figure 3.5: Alignment of the cDNA sequence of ASC430 with the corresponding region

of the human ASCTI transporter cDNA (Arizza et aL,1993). There isTIVo identity between

ASC430 and ASCT1 in the 420bp overlap. Conserved bases are boxed and shaded.

Unlike the inner PCR primers, the outer primers did not produce multiple PCR

products but amplified a distinct 940bp PCR product (Figure 3.6). Although the 430bp

nested PCR product (ASC430) was shorter than the corresponding region of ASCT1, this

product (termed ASC940) was similar in size to the corresponding region of ASCT1

(Figure 3.7). Importantly, the ASC430 nested PCR product has identical DNA sequence to

the corresponding region of the ASC940 outer PCR product. The ASC940 product shares

high DNA sequence similarity with members of the neutral amino acid transporter family;

TOVo identity with ASCT1 and60Vo identity with the glutamate transporters (Kekuda et aI.,

1996; Atiza et al., 1993; Kanai and Hediger, 1992). Moreover, translation of the 940bp

PCR product was found to have even higher amino acid identity with a recently cloned

murine amino acid transporter termed ASCT2. From this point in the thesis onwards, the

wool follicle amino acid transporter clone is referred to as ovine ASCT2 (oASCT2).

TCÀT
TCAT

TTCTTCAA
TTCTTCAA

ATGGTGCTGGTGTCCTGGAT
ATG G iIG C TGG TG T C C TG G ÀT

CCTGT'GGGCAî'C
CCTGTGGGCATC

ATCGTGGA
ATCGTGGA

AAATACATC
ATCAAA

TGGGCCA
GCCA

CTCCAGCTC
CTCCAGCTC

ATGATGAAGTG
ATGAAGTG

GAGAA
GAGÀÀ

AÀCA'IGGACGG
AACATGGACGG



Chapter Three 59

M T

0.98kb

0.72kb

0.48kb

0.36kb

940bp

Figure 3.6: Agarose (lVo) gel electrophoresis of the cDNA product amplified from the

wool follicle with the outer degenerate primers. (M) SPPI/EcoRI DNA size (kb) markers;

(1) amplification of ASC940 with the PGEMÆIAQ primer set.

ASC940

AgTt
L IG

VS iBåmåifl
ffio å itiH:rffi:mîH:Hi Ì T iHå åiåå r ä sExtåï : ä
ffio;:ËiåBi;Hii xN

ffiO i+ I äH:B : :;; ; ; ;HYB;E;H

;ffi;Eil;Hffi
IHiiIMffi

ffitoHtffi3ffi
I

+ffii:Hf.å
ffi.Hå iBiiiHiå r;:rm+ffi:Tim;iå
ffioH#åffiiffiiEiïffi;ffi:H :ffi;*r
ffioH*Wlt

il

I
3L3

319

Figure 3.7: Alignment of amino acid sequences of ASC940 and the corresponding region

of thehumanASCT1 transporter (ArizzaetaI.,1993). There is66Vo identitybetweenthese

transporters. Conserved amino acids are boxed and shaded. Position of LRLL reverse and

the NILG forward primer used in 5' and 3' RACE, respectively (see 3.1.3, 3.I.4) are

boxed.
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3.1.3 Amplification of the 3'RACE product of oASCT2

To obtain the 3' end of the oASCT2 cDNA, a 3'RACE strategy (Figure 3.8) was

employed using oligodT-MCS-primed wool follicle cDNA (see 3.2.3). Hot start PCR was

performed on the first strand cDNA using the gene-specific primer NILG

(5'-ATGAACATCCTGGGCCTGGT-3'; also see Figure 3.7) 8. the MCS 24-mer (Table

3.2), containing sequence of the 5' end of the oligodT-Mcs primer. The reaction was

catalysed using 3units UlTma DNA polymerase and 2mM MgCl2. The thermocycling

profile for the reaction was (94'Cl30sec, 50"C/90sec, J2'C/90sec)3g with initial

denaturation and final extension as previously described.

FoLlicle RNA À.âÀAÀ

CDNA
Synthesis AAAAA

ÎTTTT-l'{CS

Rl¡aae B
illgestlon

Polymerase
Chain Reaction

{ PcR)

l{1Lc-+
TTTTT-MCS

-ücÊ

¡{ITõ

MCS

3'R.ACE STRATEGY

Figure 3.8: Diagrammatic representation of the 3'RACE protocol used to amplify the 3'

end of the oASCT2 cDNA.
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Two 3'RACE products (1575bp and 1200bp) were amplified in the first attempt

(Figure 3.9), cloned into the EcoRV site of pBluescript and sequenced on both strands.

Analysis of the nucleotide sequence of the L575bp 3'RACE product revealed strong DNA

sequence similarity to ASCT1 in the remaining 532bp of the putative oASCT2 coding

region but showed no homology in the 3'-untranslated region. The 3'-untranslated region

of oASCT2 is 619bp in length, contains an AATAAA polyadenylation signal including a

(GT)Zt microsatellite dinucleotide repeat. DNA sequencing revealed that a shorter cDNA

product, 1200bp in length had resulted from mispriming of the NILG primer and exhibited

significant DNA sequence similarity with an EST of unknown function termed KIAA0079

(Nomura et aL,1994).

Ml 1

ntif

,l

t.95kb
l.B6kb
L5 tkb
r.39kb

l. I 6kb

0.98kb

1575bp

1200bp

0.7zkb

Figure 3.9: (a) Agarose gel (IVo) electrophoresis of the 3'RACE products amplified from

wool follicle oDNA with the NILG and MCS primers. (M1) SPPyEcoRI DNA markers;

(1) 3'RACE products. Asymetric PCR using single primers gave no products (data not

shown).
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3.1,.4 Amplification of the 5' terminus of the oASCT2 cDNA

Two S'RACE methods described by Frohman (1988; Figure 3.10; Table 3.3) were

initially used in an attempt to isolate the 5' terminus of the oASCT2 cDNA. The anchor

ligation method was tried first, and uses RNA ligase to anchor a primer to the 5'end of the

cDNA thereby providing a primer site of defined sequence at the 5' end of the cDNA. The

second RACE approach involved homopolymeric tailing of cDNA, whereby

deoxynucleotidyl terminal transferase (TdT) was initially used to add a poly-dATP tail to

the 5' end of the oDNA to provide a 5' priming site.

The anchor ligation approach failed to produce any 5'RACE products whatsoever,

despite having previously been used successfully in our laboratory to amplify the 5' end of

another wool follicle cDNA clone (Rogers et a\.,1997). The homopolymeric dATP tailing

method produced a number of non-specific S'RACE products which contained the correct

primer sequences but had no DNA sequence similarity with any known transporter

sequences.

Numerous modifications were made to the 5'RACE techniques, including use of

several combinations of nested gene-specific primers, extended ligation/tailing times and

longer denaturation times during PCR. None of these modifications worked and both

methods failed to amplify any 5' RACE products of oASCT2. However, upon closer

examination of the DNA sequence at the 5' end of the ASC940 cDNA an unusually high

GC-rich region (80Vo over 150bp) was found. It is likely that none of the primer

combinations or DNA polymerases used previously were able to amplify across the 5' end

of the ASC940 cDNA because of this GC-rich region. Successful PCR amplification of the

ASC940 cDNA clone was finally achieved after NaOH denaturation of the plasmid prior to

PCR (Agarwal and Perl, 1993).
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Figure 3.L0: Diagrammatic representation of two 5'RACE protocols used to amplify the

5' end of the oASCT2 cDNA (described by Frohman, 1988). GSPI = first gene-specific

oligonucleotide. GSP2 = nested gene-specific oligonucleotide. (A) Homopolymeric dCTP

tail added to 5' end of first strand cDNA. GIGIGIGI = Guanidine:Inosine oligonucleotide,

used to prime second strand cDNA synthesis during PCR step l. AUAP = abridged primer

located at the 5' end of the GIGIGIGI oligonucleotide, used to prime PCR step 2 with

GSP2. (B) Anchor oligonucleotide ligated to the 5' end of first strand cDNA, anchor

primer (5' primer) used to prime second strand synthesis and subsequent PCR with

GSP2. The sequences of the 5' primers used to generate second strand cDNA are shown in

Table 3.3.
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5'-CCTCTGAAGGTTCCAGAATCGATAG-3'5'primer
5' -CACGAATTCACTATCGATTCTGGAACCTTCAGAGG-3'Anchor adaptor
5'-GGCCACGCGTCGACTAGTAC-3'5RACE primer
5'-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3'AUAP
Sequence (5'-->3')Primer Name

Table 3.3: Sequence of the 5' oligonucleotides used to generate second strand cDNA in

the 5'RACE techniques. The Anchor adaptor was synthesised with a 5'phosphate to allow

ligation to the 3' end of single stranded cDNA and also has a 3' amino blocking group to

prevent the oligonucleotide ligating to itself.

The failure of all attempts to isolate the 5' end of oASCT2 was deemed a direct

result of the unusually high GC content at the 5' end of the ASC940 clone. The successful

isolation of the 5' end of the oASCT2 cDNA sequence was finally achieved using a

modified RACE protocol and the 5' RACE kit (Life Technologies). A number of essential

modifications were made to the 5' RACE protocol to help overcome potential problems in

amplifying such GC-rich oDNA. Modifications included performing the gene-specific

cDNA synthesis reactions at 50"C instead of the usual 42'C and the terminal

deoxynucleotidyl transferase (TdT) cDNA tailing was conducted on ice to minimise the

formation of secondary structures. The protocol employed homopolymeric dCTP tailing of

the cDNA instead of dATP tailing which allowed for higher annealing temperatures during

PCR using a primer composed primarily of guanidine and inosine nucleotides (AUAP).

The dCTP tailed cDNA was amplified with eLONGase PCR mixture (Life

Technologies) and the AUAP primer (Table 3.3) to generate double-stranded follicle

cDNA. The AUAP primer contains a mixture of guanidine and insosine bases which

hybridise to the homopolymeric dCTP tail of the cDNA and prime second strand synthesis.

The reaction profile was (94'Cl90sec, 62"Cl4üsec, 68'C/lmin)16. Hot start PCR was then

performed on the double stranded cDNA with the gene specific LRLL primer

(5'-ATGATCATCT TTAACAGGCGGAGC-3'; also see Figure 3.7) located at the 5'end

of the ASC940 clone and the 5RACE primer (Table 3.3) which contains sequence of the 5'

end of the AUAP primer. The thermocycling profile of the reaction was (94"C/90sec,

62"Cl4ûsec, 68'C/lmin)40-60cycle, with initial denaturation at 95'C for 5 minutes and final

extension at 68"C for 10 minutes.
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The modified 5'RACE technique amplified specific products on the first attempt.

The complete 5' end of oASCT2 was isolated as a number of overlapping 5'RACE

products (Figure 3.11). The initial 5'RACE product was amplified with the LRLL primer

and produced three products (170bp, 250bp and420bp; Figure 3.11.1). The three 5'RACE

products were all purified, ligated into pBluescript by the Cycle Restriction Ligation (CRL;

Technical Tips Online; http://www.biomednet.com/db/tto) protocol and the nucleotide

sequence obtained from both DNA strands. Cycle sequencing (see 2.2.13) showed these to

be specific 5'RACE products of varying lengths. The largest product (420bp; Figure

3.11.1, product A) was found to contain the ATG translation initiation codon of the

oASCT2 coding region. Differences in the length of these 5'RACE products are due to

premature termination of the reverse transcriptase enzyme. The presence of partial cDNA

sequences made it difficult to amplify the full-length product, hence a combination of size

fractionation of cDNA and the use of nested PCR primers was required to obtain the

remaining 5'sequence.

(3)
M1

50r
504bp

33lbp

(2)
M1

242bp

I 90bp
I47bp

(1)

50lbp
404bp

242bp

20bp

25Obp
170bp

Figure 3.1L: Agarose gel electrophoresis of the oASCT2 5'RACE products amplified

from wool follicle cDNA with the 5'RACE kit (Life Technologies) using a modified

protocol. (1) 5'RACE product A (420bp); (2) S'RACE product B (80bp); (3) S'RACE

product C (50abp) and (M) pUCl9/HpaII DNA size (kb) markers.
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The remaining 5' sequence of oASCT2 was amplified as two separate 5'RACE

products (80bp; Figure 3.11.2 product B and 504bp; Figure 3.11.3 product C) with the

5'RACE kit and the same tailed cDNA as used previously. Nested oligonucleotides

were designed to the 5' end of the previous S'RACE product and used in the additional

5'RACE steps to amplify the remaining 5' oASCT2 sequence. The SRACEuntrans primer

(5'-TTGGGGTTCCTTCTCAGGACGCT-3') amplified a short product termed 5RACE B,

that extended only 45bp from the 5RACE A clone. The 5RACE B product was not cloned

into pBluescript because of its small size. Rather, cycle sequencing (see 2.2.13) was used

to determine the nucleotide sequence so that another nested primer could be designed from

it. The oASCT2utrl primer (5'-AGTTGTGAGTTCACAGCGCT-3') was designed to a

sequence in the 5RACE B clone and used to successfully amplify a further 504bp of the

oASCT2 cDNA sequence, termed 5RACE C, believed to complete the sequence of this

cDNA (Figure 3.12).

X'igure 3.12: Map of the cDNA clones used to determine the full length oASCT2

transporter cDNA. The scale bar shows the size of each clone (given in bp) and the total

length of the full length cDNA.
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3.1.5 Characterisation of the full length oASCT2 cDNA

The full length oDNA sequence (Figure 3.13) was compiled by combining

sequence obtained from overlapping clones that span the entire oASCT2 cDNA sequence;

the ASC940 clone, 3'RACE product and the three 5'RACE products (see Figure 3.I2).

The sequencing strategy and the oligonucleotides used are shown in Appendix 3. The

nucleotide sequence of oASCT2 was obtained from both strands. The full length oASCT2

cDNA contains 2892bp and has an open reading frame of l623bp that is terminated by a

TGA stop codon. The coding region of oASCT2 is flanked by a 627bp S'untranslated

region and a 639bp 3'untranslated region. The oASCT2 protein sequence is composed of

541 amino acids and shares high amino acid identity (70 - 9OVo) with the neutral amino acid

transporters and lower identity (45Vo) with the glutamate transporters (Figure 3.14). The

neutral amino acid transporters are highly conserved over the entire protein sequence with

the exception of two regions one of which is proposed to form an extracellular region

known as the hypervariable domain.

The membrane structure of the putative oASCT2 transporter was examined by

hydrophobicity analysis using the algorithm of Kyte and Doolittle (1982) allowing 20

amino acid residues per membrane spanning domain (Figure 3.15). These conditions were

also used to analyse other members of the neutral amino acid transporter family (Kekuda e/

al., t996; Arizza et aL, 1993). These analyses demonstrated a unique hydrophobicity

pattern which is conserved among all the members of the neutral amino acid transporters.

Unfortunately, the exact number of membrane spanning domains for these transporters

cannot be precisely determined due to an extended region of hydrophobicity in the C-

terminal end of all these family members. The neutral amino acid transporters appear to

have 6 membrane spanning domains in the N-terminal end and an unknown number in the

C-terminal end.
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CGACTCAGAGCCACGCGGCGCGCTCGGGAGGTTTGGTATAGGCTAGCAGCTGTTTACTCC
CGGGGTCTTGGACCACCGCCTTCGGCATCCCGGGGCTCGAÀTCTCCCCTCTTGGGCCCAA
GAA,CCTGGCTCCCTTCTTCCCGGAGCTCCGTCTTCTGGCCCCAGACTCAGACTCCCCAGC
CCTCTGTÎTCCAGGACCCCGCCAGTCGCCAGGTTCCCGCCTCCCGGATCCAGGCGTCCCG
GACCTGAGCCACCAGGACCTÀGCCTCTTGAAGACCGCCGCCCCCCGGACGTCTTCAACCC
TTCCGGAGCCGAGGACCCCAGGGTCCCACTTCGAGAÀÀCTCCCGTÀTTCCTA.ACCCTACG
GTCAAGAACGCCAGCGCTCCCACCTCCCAGCTTTCAGCGCCGGGCACAGACTGAGAACAG
AGGAACCCCAGCGCCCAGCCAÂ,GGGACTCTCAAACATTTCAGCTTCTAAGAGCCAAGGAA
CTTGAGCGCTGTGAACTCAC AÀ,CTGC AAAGAGTTCTTGAAAGTTCTGACC TCCGGACTCT
GTTAAAGTTTTAGGAACGCAGCGTCCTGAGAAGGAACCCCAÀGCGCTCCCAGCTTGCAGG

MVADPPKGDPK

CGCTAAGGAACCCCAGGGGCGTTCATCATGGTGGCCGATCCGCCTAAGGGAGAC CCCAAA

GYAAAEPTANGVSTLVPIED

GGATACGCGGCGGCGGAACCCACCGCCAÀCGGTGTCTCGACGTTGGTCCCCATAGAGGAC

VGSVKGGRCCSRDOVRRCLR

GTAGGC TCGGTA.A.AAGGCGGC CGTTGC TGTTCCAGGGÀTCÀGGTGCGTCGC TGCC TTCGC

A N L L V L L T V V AVVÄ. G V A L G L

GCCAACCTGCTGGTGCTGCTGACGGTGGTGGCCGTGGTGGCCGGCGTGGCACTGGGCCTG

GVSGAGGALALGPARLEAFS

GGGGTCTCGGGAGCCGGCGGCGCGCTCGCCC TGGGCCCCGCGCGCCTAGÄAGCCTTC TCC

F P G E L L L R L I, KM Ï Ï L P LVV C

TTTCCGGGAGAGCTGCTGCTCCGCCTGTTA.AÀGATGATCATCTTACCGCTGGTGGTGTGC

S L I G G A A S L D P S A L G R L G A Vü

AGCCTGATCGGCGGCGCCGCCAGCCTGGATCCGAGCGCGCTCGGCCGCCTGGGCGCCTGG

A L I, F F L V T T L L A S A L GV G L A

GCGCTGCTCTTTTTCCTTGTCACCACACTGCTAGCGTCGGCGCTCGGCGTGGGCTTGGCG

LALQPGAAFAAINTSVAAMG

CTCGCGCTGCAGCCGGGCGCCGCCTTCGCCGCCATCÀACACCTCGGTCGCGGCCATGGGC

PVEEAPTKEVLDSFLDLVRN

CCGGTGGAAGAGGCCCCCACCAAGGAGGTGCTCGATTCGTTCCTGGATCTTGTGAGAAAT

TFPSNLVSAAFRSYTTSYKE

ATCTTCCCCTCCAACCTGGTGTCTGCAGCCTTCCGCTCATACACTACCTCCTATAAGGAG

ILFNGSPVKVPTGGEVEGMN

ATATTGTTCAAC GGCAGC C CGGTGAAGGTGC C CAC C GGGGGCGAGGTTGAÀGGTATGAAC

ILGLVVFATIFGVALRKLGP

ATCCTGGGCCTGGTGGTGTTTGCCATCATCTTTGGCGTCGCCCTGCGGAAGTTGGGGCCC

EGELLTRFFNSFNDATMVLV

GAGGGAGAGCTGCTCATTCGCTTC TTCAÀCTCCTTCAATGATGCCACCATGGTGCTGGTG

SWIMWYAPVGILCLVAGKIV

TCCTGGATCATGTGGTACGCCCCTGTGGGCATCTTGTGCCTGGTGGCCGGCAAGATCGTG

E M E DVG I, L F A S L G K Y T L C C L

GAGATGGAGGACGTGGGGCTGCTCTTTGCCAGTCTCGGCAÀATACATCCTGTGCTGCCTG
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L G H A I H G L L T L P L I Y F I, F A R

CTGGGCCACGCCATCCACGGGCTCCTGATACTGCCCCTCATCTACTTCCTCTTCGCCCGC

KNPYRFLWGIMTPLÀTAFGT

AAGAACCCCTACCGCTTCCTGTGGGGAATCATGACGCCGCTGGCCACTGCCTTTGGGACC

SSSSATLPLMMKCVEEKNGV

TCCTCCAGCTCCGCCACGC TGCCGCTGATGATGAAGTGTGTGGAGGAGAAGAATGGAGTG

ARHISRFILPIGATVNMDGA

GCCAGACACATCAGCCGCTTCATTCTGCCCATCGGTGCCACGGTCAÀCATGGACGGTGCC

ALFOCVAAVFTAOLNHRSLD

GCGCTCTTCCAGTGTGTGGCTGCAGTGTTCATTGCACAGC TCAÄCCACAGGTCCTTGGAC

FVKI]TILVTATASSVGAAG

TTCGTGAAGATTATCACCATCCTGGTCACGGCCACAGCATCCAGTGTGGGTGCGGCGGGC

ÏPSGAVLTLAIILEAVNLPV

ATCCCATCTGGAGCGGTGCTCACTCTGGCCATCATCCTCGAGGCGGTCAACC TGCCGGTT

H D T S L I S AVDVù LVD R S C T I L

CACGACATCTCCTTGATCTCAGCCGTGGACTGGCTAGTGGACCGGTCCTGTACCATCCTC

NVEGDAFGÀGLLOSYLDRTE

AÀCGTGGAÀGGTGACGCCTTTGGGGCAGGACTCCTCCAGAGTTACCTGGATCGCACAGAG

KSNSVPELTOVKSEMPLAAL

AÂ.AAGCAACTCCGTGCCGGÀGCTÀATCCAGGTGAAGAGTGÄAATGCCCCTGGCCGCGCTG

PVPSEEGNPLLKGCPGPAGD

CCGGTCCCCAGCGAGGAGGGGAACCC TCTCCTCAÀAGGCTGCCCGGGACCTGCTGGGGAT

ADTCEKESVM*

GCTGACACCTGTGAGAAGGAATCAGTCATGTGAAATCCTGTAGAGACCTTCCCTGCGCCA
TGGGGTTGC TCTGGACATTGGAATCACGGGGGATGGATGAACGGAC A]U\C N\GGCC TTTT
GGAGGGCCCTGACCACACACTCGGGAGCCATGGGCCTCAGCTTCCCTCCC TGACGTCAGA
TCGGGAGGC CTCGC TGC TGGGGTGTATGC TGCTTGAGTGTGAATGAGTGTGTGTGTGÍGT
GTGÍG.IGÍGTGTGTGTGTGTGTGTGÍGTGTGAGTGTGTGAC TGTTTCCAAGTC TACC CAG
GCCCCACCTAAGGCTAGGAÀACCATAGAAGATGGAGAGGGAACGTGGCCTC TACACCCCG
TCC TGGCAGCCTGCC TGGCCTTCCTGTCTCAGGGCACAGGGCACCATGGGAAGTTC TGCT
CTCTGAGAGCAAGGATGTTCTGACAGGTTGCTGGCTCTTTTGC TGGTTATTTTGGTGGCT
GTGGCTGTGTGTGTGTGTGTGTTCTGTGACCTCTCCACGGTACATCCCACCCTGTCCCCA
GGCCCTCTGTCTCCTCCACAATAGCA,AACACTCCTTGGGGAAACTGAAGGGAGAC TGCTA
ACACATTGC TGTTAC TC TGAGGAGGTTTATAATAAAA,C TGTC CGGC TATC TTAAAÂAÀÀA
NUUUUUUUUU\'\

7620
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1_800
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Figure 3.13: Complete nucleotide sequence of the full length oASCT2 cDNA and

deduced amino acid sequence. A putative polyadenylation signal is underlined, the stop

codon is marked by an asterisk and the microsatellite dinucleotide repeat is shown in bold.

Numbers on the right refer to nucleotide position and translation of the open reading frame

(ORF) is given with single-letter amino acid abbreviations.
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Figure 3.14: Amino acid sequence alignment of the oASCT2 transporter with selected

members of the neutral amino acid and glutamate transporter family. The black boxed

amino acids represent residues that are conserved between these transporters and the dashes

indicate amino acids absent from some transporters. The total length of each protein, in

amino acid residues, is given at the carboxyl end of the sequences (rat ASCT2; mouse

ASCT2, ovine ASCT2, rabbit ATB' and human ATB').

G

YtrC.iP¡\CiDÀ

GPA(;DA
c[acoa

GD
GD



Chapter Three 7T

t¿) OA,SCT2

hétB0

4,0
tltS

eH3
d.Ë

3.8
?.0
1_, ü

0.8
-1.0
-?.0
*J. ü

-d .0
t+Èö

{B}

tc)

50

s0

J.ü
2.fr
l.o
0.$

-t "0
-3.O
-.3.0
-4.fl

ü?0
5fltl

$0ü

A,SCTl
çHS
it.É
3.ü
3.0
1,0
È.Ë

-t.r¡
*Ë.0
*3.Ë

-4 rO
H2û

s0 500
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3.1.6 Southern blot analysis

To examine whether the neutral amino acid transporters, ASCTl and ASCT2, are

conìmon among mammals. Human, mouse and ovine genomic DNA was probed separately

with both cDNAs to confirm the presence or absence of the transporters in these mammals.

The studies were conducted using DNA probes that corresponded to the N-terminal end of

the coding regions of oASCT2 and ASCT1 (Figure 3.16) which in ASCT1 is predicted to

be contained in 1 exon (Hofmann et a1.,1994).

BamHI
ATG TGA

Hind III OASCT2 EcoRI

360 bp

BemHI
ATG TGA

KpnI ASCTl Xba I

420 bP

Fisure 3.L6: Line diagrams depicting plasmids containing the oASCTZ and ASCTl

coding regions and showing restriction endonuclease sites used to generate the three

Southern probe fragments. The size of probe fragments is given in base pairs (bp). The

position of binding of the primers VRCC (5'-GTGCGTCGCTGCCTTCGC-3') and

GAWA (5'-GGATCCAGGCTGGCGGCG-3'); used to amplify the shorter oASCT2

probe are shown (depicted as arrows).

Southern blot analyses were conducted using a membrane which contained three

DNAs (human/mouse/sheep) each digested singly with BamHI, EcoRI and HindtrI (Figure

3.Il). Corresponding 5' coding regions of the oASCT2 (360bp HindIII/BamHI) and

ASCTI (42}bp KpnI/BamHI) cDNAs were initially used as probes. The oASCT2 probing

was performed first, then the filter was stripped prior to the use of the ASCT1 probe. Both

probed membranes were washed at the same stringency (2 x SSPE + O.l%o SDS at 65'C)

to remove non-specifically bound DNA. The ASCT1 gene contains 8 exons that are

interrupted by large introns; the largest exon is contained at the N-terminal end of the

transporter. Hence the probes used were from the N-terminal end of the oASCT2 and

ASCT1 coding regions.

220bp

VRBC CâUA
-+ r--
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The probing with oASCT2 and ASCT1 detected single bands in the three DNAs

from each species (Figure 3.18). The size of restriction fragments detected by the two

probes were different for each restriction digest type for a particular species, suggesting

that each transporter is encoded by a different gene (Table 3.4). However, the strong

cross-species hybridisation exhibited by the oASCT2 and ASCT1 coding probes

demonstrates that though distinct these cDNAs represent evolutionarily conserved members

of the neutral amino acid transporter family. Moreover, relatedness between oASCT2 and

ASCT1 is indicated by weak cross-hybridisation of the oASCT2 probe to the ASCT1

bands in the sheep BamHI (3.6kb; weak) and HindIII (2.0kb) tracks of probing A (Figure

3.18).

To further examine the bands detected by the oASCT2 transporter, a shorter 220bp

probe was generated that is contained within the same N{erminal region but which exhibits

higher sequence identity to the hATB" and mASCT2 transporters than to ASCTI. The

Southern membrane was stripped of previously bound probe and a "post-strip"

phosphorimage exposure performed to check for complete removal of probe. Hybridisation

of the shorter probe detected exactly the same Southern bands as the previous probing with

the 360bp HindIIVBamHI fragment of oASCT2 (data not shown) but not the 3.6kb BamHI

or 2.0k8 HindIII bands detected by the longer oASCT2 probe. Furthermore, the shorter

probe remained bound to DNA of the three species after high stringency washing (0.1 x

SSPE + 0.17o SDS at 65"C). The shorter probe contained 857o DNA identity to

mASCT2/hATB" and only 65Vo withthe corresponding region of ASCT1 which contains a

12bp insertion. Together these findings suggest that oASCT2 may represent the sheep

homologue of the ASCT2-like transporters (hATB", riATB", mASCT2).
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MII2.34 56789M2 Figure 3.L7: Genomic Southern blot of 10 pg

Mr ([ù) DNA from human (1-3), mouse (4-6) and sheep

2t.1 Q-9) each cut with BamHI, EcoRI and HindIII,

S.4 respectively and fractionated in lVo (TAE)

É.1 agarose. (M1 and I|l42) lambda HindIII

4l DNA/SPPI EcoRI DNA size (kb) markers.

¿.Ê

1.S

1.4

1n

Figure 3.L8: the Southern blot membrane was

probed with corresponding regions of the

oASCT2 (A; 360bp HindIII/BamHI) and

ASCTl (B; 420bp KpnIiBamHI) transporter

cDNAs. The stringency washes for both

probings were conducted in 2 x SSPE + 0.IVo

SDS at 65"C.

(A) Mll234 6 7 8 9M2 (B) Ml 1 2 3 4 s 6 7 8 9M2
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zKb>23kb I zKbSheep - HindIII9
l lkb8.9kbSheep - EcoRlI

3.6kb0.8kb/3.6kbSheep - BamHIl
4.5kb18kbMouse - Hindllló
12.5kb7.9kbMouse - EcoRl5
>23kb1.ókbMouse - tsamHl4
4kb5kbHuman - HindlII3

-2Okb-20kbHuman - EcoRI2
l.lkb14kbHuman - BamHII

DNA tïagment Srze
ASCTl

DNA Fragment Size
oAS CT2

Genomic DNALane

Table 3.4: Size of the DNA fragments detected by the oASCT2 and ASCTI probes.

Approximate sizes of hybridisation fragments were determined from a standard curve by

graphing migration distance (mm) of the DNA markers against their length in kilobase

pairs.

3.2 Discussion

This chapter described the cloning of a putative neutral amino acid transporter

cDNA from the sheep wool follicle by a combination of PCR strategies. Reverse

transcriptase PCR was used to amplify a wool follicle cDNA that most likely encodes an

amino acid transporter of System ASC. Degenerate PCR primers designed against amino

acid residues conserved between ASCTI (Arriza et aL, 1993) and three glutamate

transporters (Pines et aI., 1992 (GltI); Storck et al., 1992 (GLAST); Kanai and Hediger,

1992 (EACCI)) were used. The degenerate primers were tested on the human neutral

amino acid transporter clone (ASCTI) and subsequently used to amplify partial cDNAs

from the wool follicle. The full length cDNA sequence was isolated using 5' and 3' Rapid

Amplification of oDNA Ends (RACE) techniques (Frohman, 1988). The wool follicle

transporter cDNA was originally termed CYST (a term not used in this thesis) to highlight

its possible involement in transport of cysteine, the ratelimiting amino acid of wool growth

(Reis, 1979). However, it became apparent that CYST shared significant sequence and

functional similarities ( see Chapter 5) with the mouse ASCT2 transporter (Utsunimiya-

Tate et a\.,1996), so to generate a common nomeclatue amongst these transporters CYST

was renamed ovine ASCT2 (oASCT2).
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In order to isolate an amino acid transporter cDNA from sheep wool follicle,

degenerate PCR primers were designed against conserved regions of known neutral amino

acid and glutamate transporters. The primers successfully amplified the desired regions of

the positive control cDNA clone, ASCT1. The same PCR conditions were then employed

to amplify wool follicle partial cDNA clones (ASC430 & ASC940). The ASC430 clone

was shorter than the corresponding regions of ASCTl while ASC940 was a similar size to

the corresponding region of ASCTI. The size difference between the oASCT2 and ASCT1

nested regions was caused by mispriming of the 5' degenerate primer (NLFP) which

amplified from an internal DNA sequence. The degenerate nature of the NLFP primer along

with the low annealing temperature used to amplify the nested PCR product is likely to

have increased the level of mispriming. The intended priming site of the NLFP primer was

identified in the ASC940 clone (177bp upstream from the 5' end of ASC430).

The partial cDNA clones (ASC430 and ASC940) are located in the middle of the

oASCT2 cDNA sequence. Their sequences exhibited significant DNA sequence identity to

the ASCT1 transporter and low DNA identity with the glutamate transporters. This

indicated that the wool follicle cDNA either encoded a neutral amino acid transport protein

or a highly related transport protein. A 3'RACE product provided the 3' end of the cDNA,

to give a total of l97lbp of oASCT2 sequence. The oASCT2 cDNA has a (GT)21 simple

repeat within the 3'UTR whilst the same GT repeat present in other epithelial derived

neutral amino acid transporter cDNAs are of varying lengths (Kekuda et al., 1996; Kekuda

et aL.,1997), with the hATB" repeat shown to be a polymorphic GT microsatellite marker

(Jones et aL,1994).

The remainder of the cDNA was isolated using a technique based on the 5' RACE

protocol described by Frohman (1988). The 5' end of oASCT2 was extremely difficult to

isolate, probably because the high G+C content of the clone inhibited PCR through that

region. The 200bp located at the 5' end of the ASC940 clone has an average G+C content

of SOVo but is up to 9OVo in some 50bp segments. When tested, it was found that the

ASC940 plasmid clone required prior NaOH denaturation as described by Agarwal and

Perl (1993) before PCR amplification could proceed through the 5' end.
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The isolation of further 5' sequence of the transporter was hampered by the G+C

rich nature of the cDNA. The 5'RACE approach was thus modified (in a number of

important ways) to overcome problems encountered from secondary structures formed by

G+C rich DNA. These still only produced PCR products that were short in length and non-

specific. In order to overcome these problems a commercial 5'RACE kit (Life

Technologies) was used in conjunction with the modifications to amplify the 5' end of

oASCT2. The successful isolation of 5'RACE products specific to oASCT2 seems a direct

result of overcoming the problems associated with the G+C rich nature of the DNA

sequence.

The degenerate nested oliognucleotides (NMDG/|{LFP) amplified several non-

specific PCR products including a 600bp product which exhibits DNA sequence similarity

with a cell surface glycoprotein and a37obp PCR product which exhibits DNA sequence

similarity with an EST that encodes a large brain protein (KIAA0308) of unknown

function. The 3'RACE oligonucleotides (NILG/MCS) amplified a 1200bp non-specific

product which exhibited significant DNA sequence similarity with another human brain

EST termed KIAA0079 (Nomura et aI., 1994). This cDNA was isolated by the same group

that isolated the KIAA0308 cDNA (Nagase et aI., 1997). However, the only obvious

similarities between these two cDNA sequences is their tissue of origin and the high

molecular weight of the proteins (>100kDa) they encode.

The predicted oASCT2 protein (541 amino acids) is the same length as the hATB

and riATB transporters, compared with murine ASCT2 (553 amino acids) and human

ASCTI (523 amino acids). Significant amino acid identity exists between oASCT2 and

these transporters; hATB" (90Vo), riATB" (857o), ASCT2 (80Vo) and ASCTI (70Vo).

Glutamate transporters like EACC1 exhibit some amino acid identity with oASCT2 (45Vo),

localised mainly in regions proposed to form membrane spanning domains. The

hypervariable domain, a short region that contains amino acids that are unique to individual

transporter cDNAs is unusually similar between the oASCT2, riATB' and hATB'

transporters. This suggests these cDNAs may belong to a subclass of the neutral amino

acid transporter family. In comparison, the hypervariable domains of ASCTl (Arriza et al.,

1993), ASCT2 (Utsunomiya-Tate et aI., 1996) and three glutamate transporters, (GLTI)
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Pines et a1.,1992; (GLAST) Storck et aL,1992; (EACCI) Kanai and Hediger,1992, arc

unique.

The hydropathy pattern of the oASCT2 transporter is extremely similar to the other

members of the neutral amino acid transporter family which suggests the existence of a

common membrane structure for these transporters. However, hydrophobicity analysis

alone does not provide enough evidence to predict the exact structure of these transporters.

Like the related glutamate transporters, hydrophobicity analysis of the neutral amino acid

transporters reveals 6 distinct membrane spanning domains in the N-terminal half of the

transporters but does not explain the extended region of hydrophobicity that extends into

the C-terminal end.

The chromosomal localisation of the oASCT2 transporter locus was not determined

but the human ASCTl and hATB' transporter loci have been mapped to separate human

chromosomes, 2 (2p13-pl5; Hofmann et al., 1994) and 19 (19.13.3; Kekuda et aL,

1996), respectively. The ASCT1 gene is some 52kb in length and contains eight exons

interrupted by seven introns with the coding region covering at least 40kb (Hofmann et aI.,

1994). The oASCTZ gene was not isolated in this study but the results obtained from

Southern blot analyses demonstrated that oASCT2 and ASCTl are encoded by different

genes. Single but distinct DNA fragments were detected in each genomic DNA sample with

both the oASCT2 and ASCTl probes. This demonstrates that these transporter sequences

likely represent unique genes that are both present in each of the species examined (human,

mouse, sheep).

The recent publication of a murine neutral amino acid transporter cDNA sequence

(mASCTl; GenBank accession number U75215, J. Peng and L. Guo) that exhibits higher

homology with human ASCTI than with mouse ASCT2, indicates that the family of neutral

amino acid transporters may be divided into at least two distinct subclasses. The DNA

fragments detected with the hASCTI probe in the mouse and sheep genomic DNA are

likely to represent the murine ASCTI homologue (mASCTl) and an unknown sheep

ASCTI homologue. The results observed for the oASCT2 probe indicate that cross-species

hybridisation is occurring with the hATB" and mASCT2 transporters. This is likely
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considering the DNA sequence similarity between this region of the oASCT2 probe and the

published sequences for hATB' and mASCT2.

Kekuda et aI. (1996) reported that a hATB" probe which spanned the entire coding

region recognised two human DNA fragments (EcoRI digested Caco-2 genomic DNA), 21

and 1.6kb in size. The oASCT2 transporter detected only a single DNA fragment in EcoRI-

digested human DNA. This fragment (-20kb) is similar in size to the large fragment

detected by hATB'. The smaller fragment (1.6kb) detected by hATB" may correspond to

sequences in the C-terminal end of the cDNA, which are not contained in the oASCT2

probe. Alternatively, the smaller fragment may represent a sequence polymorphism which

exists between HeLa cells (the source of human genomic DNA here) and Caco-2 cells.

Unfortunately, no Southern data are yet available for the mASCT2 clone, though it is likely

the murine genomic fragments for the gene have been identified by the oASCT2 probe.
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CHAPTER FOUR

CHARACTERISATTON oF oASCT2 EXPRESSION IN THE \ryool-

FOLLICLE AND OTHER SHEEP TISSUES

Introduction

The importance of a continuous supply of amino acids to the wool follicle has been

well documented (Reis, 1979). The sulphur-containing amino acids (methionine and

cysteine) are rate-limiting for wool growth, probably because of the unique cysteine-rich

nature of many wool proteins. To date, there has been very little research conducted on the

mechanisms of amino acid transport in the wool follicle. Preliminary amino acid transport

studies were conducted in our laboratory to examine the uptake of radiolabelled amino acids

into different regions of the wool follicle (Thomas and Hynd, unpublished data). Not

suprisingly the uptake of 3sS-L-cysteine was localised to the keratogenous zone, the region

where the keratin proteins are synthesised and assembled in the cortex to form the major

component of wool fibres.

This chapter describes the characterisation of oASCT2 expression in various sheep

tissues and examines the expression pattern of oASCT2 in sheep skin. The expression of

oASCT2 and its relative abundance was examined in sheep tissues using Northern blot and

RNA protection analyses. These studies demonstrated varying levels of oASCT2

expression in sheep tissues, with no detectable expression of oASCT2 in some tissues. The

RNA protection analyses contained a GAPDH probe as an internal control which allowed

quantitation of oASCT2 expression in sheep tissues. In skin, both radioactive and non-

radioactive in situ hybridisation techniques were used to localise the site of oASCT2

expression. Interestingly, oASCT2 expression was localised to the keratogenous zone of

the wool follicle with an expression pattern identical to the site of 35s-L-cysteine uptake

into the wool follicle. These findings further suggest that oASCT2 is a putative neutral

amino acid transporter involved in the transport of cysteine into the wool follicle.

!
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4.1 Methods and Results

4.1.1 Northern blot analysis of oASCT2 and ASCT1 expression in

sheep tissues

To examine the expression of oASCT2 sequences, a multiple tissue Northern blot

was prepared and probed with a HindIII/BamHI fragment (360bp) of the oASCT2

cDNA (Figure 3.16), a region corresponding to the N-terminal end of the putative coding

region. Like a 3'-non-coding probe, this fragment was previously shown to be gene-

specific by Southern analysis (see 3.1.6). The oASCT2 transcript was detected as a

single band in adipose tissue, the wool follicle, whole skin, kidney and lung while no

detectable level of oASCT2 expression was found in heart or skeletal muscle. The

approximate size of the oASCT2 mRNA transcript was 2.9kb (Figure 4.1).

To examine whether any sheep tissues express ASCTl-like transporters the same

Northern blot was probed with a KpnI/BamHI fragment (420bp) of the ASCT1

transporter (Figure 3.16) which corresponds to the equivalent N-terminal region encoded

by the oASCT2 probe. The post-hybridisation wash stringency in this probing was 2 x

SSPE + O.IVo SDS at 65'C. However, the ASCT1 probe failed to detect expression in

any sheep tissues (data not shown). The absence of ASCT1 expression in skeletal

muscle, heart and kidney, tissues known to abundantly express the ASCTI transporter in

human, indicates either ASCTl is not expressed in these sheep tissues or the sensitivity

of this Northern blot was insufficient to detect ASCTI expression. A Northern blot

containing polyA+ RNA may have been required to detect ASCT1 expression. The

Northern blot used for these studies contained degraded brain RNA. This was

unfortunate as the brain is known to exhibit the highest level of ASCT1 expression

which may have been detected in total brain RNA. Alternatively, lower stringency

washes may have been required to detect expression of ASCTl-like sequences in sheep

tissues because the ASCT1 probe is a human cDNA.
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MI | 2 3 4 5 6 7 8M2

Mr (kb)
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Figure 4.1: (A) Multiple tissue Northern containing 15pg total RNA from a variety of sheep tissues

fractionated on a lVo formaldehyde agarose gel. 1) adipose tissue, 2) brain, 3) heart, 4) wool follicle, 5)

whole skin, 6) kidney, 7) lung, 8) skeletal muscle, Ml and M2 RNA molecular size marker ladder (Life

Technologies). (B) Northern blot was probed with a 360bp HindIIVBamHI oASCT2 fragment radiolabelled

with u-32P-dCTP. The stringency washes were conducted in 0.1 x SSPE + O.l%o SDS at 65'C. The size of

molecular weight marker bands and the oASCT2 transcript are given on the right (kb) and position of

migration of rRNA species (28S and 18S) indicated on the left (->). Despite the high stringency wash,

some non-specific binding of probe to the 28S rRNA band is evident. Exposure of the hybridised/washed

filter was for 2 days with a phosphorimage screen.
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4.1.2 RNA protection analysis of oASCT2 expression in sheep tissues

RNA protection assays ìüere performed on total RNA from various sheep tissues in

order to quantitatively compare expression levels. Preliminary RNA protection studies were

performed essentially as described by Krieg and Melton (1987). Modification to the

protocol is described in section 2.2.17. Although not suitable for quantitative analysis,

these studies demonstrated that oASCT2 was expressed at varying levels in many sheep

tissues (data not shown). Quantitative RNA protections were subsequently performed with

the RPA II kit (Ambion; used according to the manufacturers instructions) and included a

sheep GAPDH probe to standardise the level of RNA examined from each tissue.

Preliminary RNA protection assays were conducted on wool follicle and whole skin

RNA with the ASC430 - BglI probe (Figure 4.5). These studies detected a single protected

fragment that was more abundant in the wool follicle RNA (data not shown). This

suggested that oASCT2 was expressed in the follicle itself. To examine whether oASCT2

was expressed at different levels in sheep tissues, the same RNA protection probe was used

on total RNA from adipose tissue, brain, heart, wool follicle, whole skin, kidney, liver,

lung and skeletal muscle. This RNA protection (data not shown) demonstrated considerable

variation in oASCT2 expresssion between the tissues.

To quantitate oASCT2 expression, total RNA from the nine tissues stated above

were examined using c[-32P-rUTP labelled probes. Inclusion of an internal control, ovine

GAPDH, enabled standardisation of the amount of RNA examined from each tissue. A

294bp probe located at the 5' end of the ASC430 clone (Figure 4.2) and a 200bp ovine

GAPDH probe (Figure 4.3) were used. The probes were designed to be significantly

different in size so as to be easily distinguished.
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Figure 4.3: Maps of the pBluescript GAPDH subclones. The ovine GAPDH cDNA was

cloned into pBluescript I-KS and partially sequenced in our laboratory (Clive Mclaughlan,

unpublished data). The GAPDH insert was reduced from lkb to 200bp by HindIII/SfiI

digestion and then re-ligated to facilitate use of the SfiVEcoRI region as an RNA protection

probe. Antisense RNA transcripts 250bp in length (shown in brackets) were synthesised

from BamHl linearised templates using T3 RNA polymerase.

T7 pol

294

HindItr BamHI
(33o)

Figure 4.22 I|l4ap of the pBluescript ASC294 NcoVEcoRI subclone. Ã 294bp NcoI/EcoRI

fragment from ASC430 was cloned into the EcoRV site of pBluescript I-KS (brackets

indicate that this site is no longer present). Antisense RNA transcripts 330bp in length

(shown in brackets) were synthesised from HindIII linearised templates using T3 RNA

polymerase.
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Prior to use of the ASC294 probe, a series of RNA protection assays were

conducted with the GAPDH control to standardise the amount of RNA required from each

tissue. Final RNA protections (Figure 4.4) detected a uniform GAPDH band across all

samples that allowed determination of the oASCT2 expression level in each of the sheep

tissues examined. The RNA protection detected no oASCT2 expression in the brain, heart

and skeletal muscle, whereas oASCT2 expression was detected at varying levels in the

remaining sheep tissues. The level of oASCT2 expression was measured by

phosphorimage analysis using densitometry software (ImageQuant 1.0) where the

hybridisation signals of the GAPDH and oASCT2 protected fragments were quantified.

The level of oASCT2 expression was determined relative to the GAPDH expression in each

tissue, with a normalised value of I allocated to oASCT2 expression in the kidney.

Expression levels in other tissues relative to expression detected in the kidney (1), were

adipose tissue (3x), wool follicle (8.5x), whole skin (2.5x), liver (0.1x) and lung (3x).

h{1

489
501

404

330
oASCT2

242

4*rff

W.,,W*
Grr.FDËI

r-.- rrlG tçì¡¡ff rlter rÍ-.dÞ

190

Figure 4.4: Multiple tissue RNA protection showing the expression range of oASCT2 and GAPDH

control. s-32p-dctp end-labelled pUClg-HpaII markers (Ml & M2) were fractionated against the RNA

samples from various sheep tissues. Their size (bases) is given on the right hand side of the figure. Low

levels of undigested oASCT2-specific probe (330 bases) are visible in most lanes. The Yeast tRNA controls

(+, RNase digested; -, no RNase digestion) were hybridised with the oASCT2 probe and used to monitor the

specificity and integrity of the antisense probe during hybridisation and the efficiency of RNase digestion.



Chapter Four 86

4.L.3 In Situ Hybridisation

Radioactive (33P-rUTP) and non-radioactive (DIG-rUTP) in situ hybridisation

protocols were employed to examine the expression of oASCT2 in the wool follicle. These

protocols examined oASCT2 expression in longitudinally sectioned skin from the same

Corriedale wether used to prepare follicle cDNA. Sheep skin from the Tukidale breed

which produces medulated wool fibres was sectioned in a transverse orientation and

oASCT2 expression examined by radioactive 133p-tUTP) in rilø hybridisation. Antisense

probes generated from the same ASC430 template (Figure 4.5) were used for both in situ

hybridisation protocols.

Bsl I SmaI
(5)I80( )

T3 pol T7 poI

(0) 430

HindIII BdnIII
(4e0)

Figure 4.5: Plasmid map of the pBluescript ASC430 subclone. Antisense RNA

transcripts 490bp in length (shown in brackets) were synthesised from BamHI linearised

templates using T3 RNA polymerase.

4.1.3.1 Localisation of oASCT2 expression in the wool follicle using

33P-labelled RNA probes

The expression of oASCT2 examined by radioactive in situ hybridisation was

performed on longitudinal (Figure 4.6 (A); Figure 4.7) and transverse (Figure 4.6 (B);

Figure 4.8) sections of sheep skin. The 33P-labelled antisense probes were prepared from

the ASC430 clone. In the longitudinal sections, probe binding produced strong

hybridisation signals in cortical cells above the apex of the dermal papilla and throughout

the keratogenous zone of the wool follicle. There was no signal detected in the control

slides (blank slides coated in I-z[ emulsion) and negligible background evident in other cell

types of the follicle (sebaceous gland, IRS, ORS, dermal papilla or the medulla). In the

transverse sections, the hybridisation signal appeared to be restricted to the cortex. The

expression of oASCT2 was localised to a specific region of the wool follicle and there was

no oASCT2 expression evident in either the dermal or epidermal layers of the skin.

0
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Figure 4.6: The cellular structure of wool follicles used for in situ hybridisation analysis (4.)

longitudinal (Coniedale) and (B.) transyerse (tukidale) sections. The cell types are abbreviated to (DP)

dermal papilla, (C) cortex, (I) inner root sheath, (O) outer root sheath and (M) medulla. Scale bar in A

indicates 10¡m in length.
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Figure 4.7: 33p-rUtP in situ hybridisation was performed with an antisense RNA probe transcribed

from the ASC430 subclone. The site of oASCT2 expression is shown in longitudinal Corriedale wool

follicle sections at 50x magnification under brightfield (4, antisense; C, sense control) and darldteld (B'

antisense). Scale bars in A andC indicate 1Opm in length.
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(A)

{B}
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Figure 4.8: 33p-.UTP in situ hybridisation was performed with an antisense RNA probe transcribed

from the ASC430 subclone. The site of oASCT2 expression is shown in transverse wool follicle sections

at 50x magnification under brightheld (A, antisense) and darldield (8, antisense; C, sense control). The scale

bar in A indicates lO pm in length.
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4.1.3.2 Localisation of oASCT2 expression using DlG-rUTP-labelled RNA

probes

Non-radioactive in situ hybridisation was used to determine whether oASCT2

expression is confined to the cortical cells of the wool follicle and not present in the single

cuticle cell layer surrounding the cortex (Figure 4.9; A and B). Unlike radioactive in situ

hybridisation, this method enables mRNA expression to be localised to individual cells

within a tissue section. In addition to the oASCT2 probe, these studies included a DIG-

labelled ovine IF 1.1 3' non-coding antisense probe (V/ilson etal., 1988) that allowed

comparison of the location of the hybridisation signals. The IF 1.I probe encodes a keratin

intermediate filament protein that is highly expressed in the wool follicle cortex alone. The

hybridisation signal of oASCT2 and IF 1.1 were each restricted specifically to the cortical

cells of the wool follicle in consecutive skin sections. Considering the high expression level

of IF 1.1 (Figure 4.9 B), these results indicate that oASCT2 mRNA is expressed at lower

but significant levels in the wool follicle. The hybridisation signals detected for the

oASCT2 and IF 1.1 probes revealed an almost identical expression pattern; both signals

began just above the apex of the dermal papilla and extended throughout the keratogenous

zone of the wool follicle. The hybridisation signal for oASCT2began a little closer to the

dermal papilla but did not appear to extend as far upwards in the cortex as that of the IF 1.1

probe. This suggests that oASCT2 expression is initiated very early in wool biosynthesis.

The consecutive section on the control slide produced no detectable background signal

(Figure a.9; C).
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Figure 4.9: In situ hybridisation was performed with DlG-labelled antisense RNA probes transcribed

fromtheASC430 andIF 1.1 plasmids. The hybridisation signals of (A) ASC430 probe (B) IF 1.1 probe

and (C) no probe control (Note: this consecutive section \ryas orientated upside down and back to front) are

shown at 50x magnification on consecutive wool follicle longitudinal sections. The scale bar in A incicates

10pm in length.
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4.1.4 Western blot analysis of sheep tissue protein extracts

Preparation of a polyclonal antibody against the hypervariable domain of the

oASCT2 protein was attempted to determine synthesis of oASCT2 in the keratogenous

zone and localise the protein product precisely. A secondary aim was to investigate the

structural nature of the oASCT2 transport protein and identify whether a single monomeric

or alternatively a multimeric protein complex is associated with oASCT2 transport activity.

No antibodies specific to the neutral amino acid transporters were commercially available,

hence polyclonal antibodies had to be raised in rabbits against a synthetic peptide designed

from sequence of the oASCT2 transporter. The amino acid sequence of oASCT2 was

examined to identify regions that were likely to be highly antigenic, then an 18 amino acid

peptide (H-RSYTTSYKEILFNGSPVKC-NH2) which corresponds to a putative extracellular

hypervariable domain of oASCT2 was synthesised (Chiron Mimotopes, Australia). The

oASCT2 peptide was conjugated to a carrier protein (Diptheria Toxoid, DT), as peptide-DT

complexes generate greater immune responses than peptide haptens alone.

4.1.4.1 Preparation and monitoring of the antibody response in rabbits

Immunisation of two rabbits with the oASCT2 peptide-DT conjugate was

performed by subcutaneous injection using the schedule outlined in Table 4.1. Test bleeds

were performed at regular intervals and analysed with an enzyme linked immunosorbent

assay (ELISA) to monitor antibody titres throughout the procedure. The rabbits #15 (male)

&.#16 (female) weighed 3.25kg and 2.80kg, respectively on the day of the terminal bleeds.

The antibody response of each rabbit to the peptide-DT conjugate was examined in

the 4 test bleeds using an enzyme linked immunosorbent assay (ELISA). Serial dilutions of

plasma were incubated with the oASCT2 peptide-diptheria toxin conjugate (5pg). The

antibody titre was measured by spectrophotometric analysis of the colour reaction produced

by an anti-rabbit alkaline phosphatase conjugate. The absorbance values of the test bleeds

were 5-20 fold greater than the corresponding control plasma dilutions. The ELISA results

demonstrated increasing absorbance values throughout the immunisation schedule for both

rabbits and the response reached its peak at the second last test bleed (Table 4.2).
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Terminal bleeds
Rabbit #15 85mls Rabbit #16 5Omls

10r6tr/98
5rrìl) from both rabbits t4Test bleeds r206tUg'l

Injected sonicated Peptide-DT (250pg)/no Freunds
Test bleeds (3) from both rabbits (5rnl)

T4ntr2/91

lnjected l: I Peptide-DT (l50pg)/incomplete Freunds
Test bleeds (2) from both rabbits (4ml)

293n2/97
5mlI trom both rabbrts IITest bleeds t84trug'l

727lrÙtgl
rlete Freunds1020t10t97

Preimmune bleeds (6rìl) from both rabbits
Injected 1 : 1 Peptide-DT (250¡rg)/Freunds complete

adiuvant

t0trotgl

Injections/Test & Terminal bleedsDays between
procedures

Date of
procedure

Table 4.1: The immunisation and test bleed schedule used to raise polyclonal antibodies

in rabbits against a oASCT2 peptide.

0.011o.2r30.231o.2090.0870.009r/sooo
0.0090.2490.2640.274o.r25o.otzl/tooo
0.uu'/O.2UÓ0.3u9u.3 130.164o.o2rl/5oo
0.0130.3550.3820.366tJ.2t40.04'tIltoo

#r6
0.0150.1570.1410.1340.103o.Q23l/5ooo
u.Ol IU.IE20.1730. ló70.r430.028l/tooo
0.0150.2300.2430. r9ó0. t7I0.u24l/5oo
0.0260.3010.335o.2700.2440.063l/too

#15

Negative
Controls

I'est
bleed (4)

'I'est
bleed (3)

I'est
bleed (2)

'l'est
bleed (1)

Pre-immune
bleed

Plasma
Dilutions

Table 4.2: Mean of duplicate absorbance values (405nm) detected by ELISA (2.2.19.2)

on test bleeds from rabbits #15 and #16. The plasma was diluted as shown, the negative

controls were made by omission of either antigen or serum and absorbance values expressed

as mean values determined as for experimental samples.

4.I.4.2 Examination of oASCT2 expression with polyclonal antibodies

The detection of the oASCT2 transport protein was attempted by 'Western blot

analyses using plasma from the terminal bleeds of rabbits #15 and #16. These analyses

were performed using a variety of protein extracts, that included the wool follicle, heart,

lung, and the oASCT2 peptide-DT conjugate. The heart extract was included in these
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studies to check the specificity of the antibody, as this sheep tissue does not express the

oASCT2 transporter.'Western blot analyses were performed using two membranes types,

PVDF and Hybond-ECL (section 2.2.19.5).

The peptide-DT conjugate was included as a positive control on many of the

'Western blots. In all instances an extremely strong reaction with the peptide-DT conjugate

was observed for both terminal bleed samples (Figure 4.10 A). The peptide-DT conjugate

was not detected as a single band but more a smear which extended through most of the

lane. Technical advice obtained from Chiron Mimotopes explained that varying degrees of

conjugation between the peptide and Diptheria toxoid occur during synthesis which

produces peptide-DT conjugates that have varying molecular weights. In addition,

sonication of the peptide-DT conjugate may have increased the degree of conjugate

breakdown and hence added to the smear.

Detection of the oASCT2 transporter with polyclonal antibodies that were raised

against an 18 amino acid oASCT2 peptide was not achieved. Western blot studies were

conducted on numerous occasions using a variety of tissue extracts, membrane types and

detection conditions. However, no specific proteins of the expected size (-50kDa) were

ever detected in the oASCT2 positive extracts (Figure 4.10 B). In fact, these studies

detected very few proteins in any of the protein extracts, a 28kDa protein in follicle and a

protein >43kDa in heart. To discount the possibility that the protein extracts were

responsible for the failure to detect the oASCT2 transporter protein, the same extracts were

used for'Western blot analysis using antibodies raised against a wool follicle eîzyme,

Peptidylarginine Deiminase (PAD; Rogers et aI., 1997). This V/estern detected PAD

expression in the wool follicle extract but not in the heart or lung extract (Figure 4.10 C).

Hence failure to detect the oASCT2 protein in the wool follicle appears to be caused by the

inability of polyclonal antibodies raised against the oASCT2 peptide to recognise the

corresponding region of the oASCT2 transport protein.

!
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Fisure 4.10: (A) 'Western blot

analysis of the peptide-DT conjugate

with pre-immune and terminal bleeds

from rabbit #15. (B) 'Western blot

analysis of wool follicle (F), heart

(H) and lung (L) extracts with

terminal bleed from rabbit #16. (C)

Western blot analysis of PAD

expression in wool follicle and lung

extracts with pre-immune and

terminal bleed anti-PAD serum

samples. The sizes of prestained

protein molecular weight standards

(Life Technologies), Ml and M2,

are given (kDa) for each western blot
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4.2 Discussion

The RNA protection and Northern blot studies described in this chapter

demonstrated that oASCT2 expression was not follicle-specific but more widespread and at

varying levels in a number of sheep tissues. A single oASCT2 transcript was detected

suggesting that no alternate splicing or allellic variants were present in any of the tissues

tested. The expression of oASCT2 was highest in the wool follicle, a tissue with a high

proliferative rate and a high requirement for several amino acids, notably cysteine, serine

and threonine. Furthermore, the localised site of oASCT2 expression in the cortical cells

within the keratogenous zone suggests that oASCT2 is involved in transport of neutral

amino acids into the wool follicle. The expression level of oASCT2 shown by RNA

protection to be greatest in the wool follicle, was approximately 3-fold higher than the next

most abundant tissues (adipose tissue and lung). The very low level detected in liver here is

the first observation of expression of oASCT2-like transporters in this tissue. Further

experiments such as in situ hybridisation are required to confirm this result and rule out the

possibility it is due to trace contamination of the liver sample by another oASCT2 positive

tissue, such as adipose tissue.

The sheep tissues that express oASCT2 are similar to those described for mASCT2,

hATB" and riATB" (Utsunomiya-Tate et al., 1996; Kekuda et al., 1996; Kekuda et al.,

1997). The exception is skeletal muscle, where mASCT2 is abundantly expressed, hATB"

is expressed at a low level and oASCT2 is not expressed. The expression of oASCT2 was

not detected in brain, heart or skeletal muscle. In human, these tissues all abundantly

express the ASCT1 transporter which may suggest it has a different physiological function

to the ASCT2-like transporters. Unfortunately, Northern analysis using the human ASCTl

probe against sheep total RNA was unable to ascertain the expression profile of ovine

ASCT1.
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The expression of several 'housekeeping' genes was recently examined in various

murine tissues using RNase protection analysis (TechNotes 6(1) 1999 Ambion).

Constitutively expressed genes such as B-actin, GAPDH and cyclophilin are often used as

internal controls. They normalise each sample for variations in the amount of starting RNA

to validate comparisons of the specific mRNA being studied across samples. It is essential

that the internal control does not vary during the cell cycle, between cell types and in

response to the experimental treatment. Unfortunately, the Ambion report demonstrates that

the expression of B-actin and GAPDH varies significantly across tissue types. These

findings indicate the importance of selecting an appropriate internal control for accurate

quantitation of gene expression across different tissues.

The most appropriate internal control for quantitation across different tissue types

were the 18S or 28S rRNA genes. However, for RNase protection to be quantitative, the

probe must be in molar excess over the target RNA (ie 5-fold molar excess). Hence, the

abundance of rRNA makes it necessary to significantly lower the specific activity of the

rRNA probe for use as an internal control. The quantitative RNA protection analyses

described in this thesis used an ovine GAPDH probe as the internal control. In light of the

Ambion findings it is likely that variation in GAPDH expression could have significantly

affected the level of oASCT2 expression determined for the tissue types analysed.

Therefore the oASCT2 expression levels reported in this thesis should be viewed with

caution until a quantitative study is conducted using a rRNA internal control probe.

The expression pattern of oASCT2 within the wool follicle was localised to the

keratogenous zone, the site of keratin synthesis. The hybridisation signal detected for the

oASCT2 transporter indicates that the transporter is expressed at a significant level in the

wool follicle. The keratogenous zone is the region of the wool follicle where the keratin

proteins are synthesised and assembled to form the major component of the mature wool

fibre, the cortex. This region has a high demand for a continuous supply of sulphur amino

acids. The mechansims which maintain the amino acid supply to the cells of the wool

follicle are not yet understood. However, localisation of the oASCT2 transporter to the site

where keratin gene expression occurs suggests that the transporter may function to supply

I
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the neutral amino acids, including cysteine, required to maintain wool growth. The

involvement of the oASCT2 transporter in the transport of cysteine, the rate-limiting amino

acid of wool growth, was further demonstrated by the co-incidence of cysteine uptake

(Thomas and Hynd, unpublished data). Furthermore, non-radioactive in situ hybridisation

demonstrated that oASCT2 expression is confined to the cortical cells. Comparison of

oASCT2 and a keratin intermediate filament (IFl.1) gene in consecutive sections

demonstrated a similar expression pattern in the wool follicle. Moreover, the expression of

oASCT2 appears to be initiated slightly lower in the follicle bulb than IFl.1 which suggests

that oASCT2 expression precedes initiation of keratin IF gene expression. Indeed keratin IF

synthesis may not be possible until the oASCT2 transporter is active.

The expression of oASCT2 in the kidney may indicate an important role of this

transporter in the resorption of amino acids that would otherwise be excreted in the urine.

Such a transport role would enable recycling of amino acids to ensure normal cellular

functions are maintained, especially wool growth which requires a continuous high-level

amino acid supply. Amino acid transport systems have been extensively studied in the

kidney. A number of the cloned amino acid transporters are expressed in this tissue (Palacin

et aI., 1998) which suggests they may play a unique role in renal reabsorption of amino

acids. This role would be especially important for sheep during harsh environmental

conditions when nutrient supply is limiting and the availability of essential amino acids is

low. The transport system Bo (see table 1.1), which is expressed in the apical pole of

epithelial cells is thought to be involved in the bulk of renal reabsorption and intestinal

absorption of zwitterionic amino acids (Leibach and Ganapathy , 1996).Interestingly, the

oASCT2 transporter shares many common properties with the transporters, hATB" and

riATB' which have been assigned to system B". Based on these similarities it is likely that

oASCT2 is involved in amino acid uptake in the intestine and kidney as well as playing an

important role in wool fibre biosynthesis.
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The generation of polyclonal antibodies towards an oASCT2 peptide was conducted

in rabbit. The immunisation schedule was carried out over a three month period and

included pre-immune bleeds and a series of test bleeds that were included to monitor the

antibody response. Examination of the test bleeds by ELISA demonstrated that an immune

response had been invoked in each rabbit, as indicated by a significant reaction of immune

sera with the peptide-DT conjugate. In addition to this, a low reactivity was observed using

pre-immune serum directed toward the peptide-DT conjugate run on'Western gels and

negligible reactivity occurred in the negative controls (no Antigen and no Serum). Only the

oASCT2 peptide-DT conjugate and not peptide alone was used in these studies. Therefore

the ELISA results will only represent the titre of antibodies raised against the conjugated

Diptheria toxoid and oASCT2 peptide.

Although, the polyclonal antibodies efficiently detected the peptide-DT conjugate, it

appears these polyclonal antibodies were unable to detect the oASCT2 transporter itself in

Vy'estern analyses using oASCT2 positive extracts. These findings demonstrate that

polyclonal antibodies recognised the peptide and/or the peptide-DT conjugate but that these

antibodies fail to recognise the oASCT2 transporter. The oASCT2 peptide-DT conjugate

was routinely detected under all the conditions tested during Western blot analyses. This

suggests that polyclonal antibodies may have been raised against the peptide but that these

antibodies fail to recognise the same peptide sequence contained in the full-length oASCT2

transporter protein. It is possible the oASCT2 protein does not present an epitope with a

conformation identical to that presented by the peptide-DT conjugate. An alternative

explanation is that no polyclonal antibodies were raised against the oASCT2 peptide but

rather, only against the Diptheria toxoid. It is unfortunate the antisera would not be useful

to assess a possible functional role (of the region within the peptide) in the subsequent

Xenopus oocyte/amino acid transport experiments.
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CHAPTER FIVE

FUNCTIONAL CHARACTERISATION OF THE oASCT2 TRANSPORTER

USING THE XENOPUS OOCYTE EXPRESSION SYSTEM

Introduction

The Xenopus laevis oocyte expression system was used to characterise the amino

acid transport kinetics of the oASCT2 protein because of the capacity of oocytes for high

level expression of foreign proteins and their tolerance of cRNA microinjection. Although

significant endogenous amino acid transport activities are present in Xenopus laevis

oocytes that correspond to many of the recognised transport systems (systems ASC, L),

their presence does not impede the characterisation of exogenous amino acid transport

which is usually expressed at 10-30 times the endogenous level.

To compare the functional characteristics of the protein encoded by ovine ASCT2

cDNA (oASCT2) to previously characterised amino acid transporters, the human ASCTI

transporter was included in these studies as a positive control (Arriza et a1.,1993). The

coding sequences of both transporters were cloned into an expression vector (pGEMHE)

which contains 5' and 3' untranslated sequences that facilitate high level expression of the

transporter inXenopus oocytes. The expression vectors were transcribed invitro and the

transporter cRNAs microinjected into Xenopus oocytes. Two days after cRNA

microinjection the transport of L-alanine and L-cysteine was measured in oocytes using

3H-L-alanine and 35s-L-cysteine, respectively, as tracer substrates.

The amino acid transporters oASCT2 and ASCTl functioned in a Na+-dependent

manner and the uptake of L-alanine and L-cysteine conformed to Michaelis-Menton kinetic

parameters. Competetive inhibition experiments demonstrated that both transporters have

similar specificities for L-alanine, L-serine and L-cysteine while neither transported the

acidic amino acid, L-glutamate. The oASCT2 transporter exhibited an electrogenic mode of

amino acid transport that was distinct from the ASCT1 transporter.
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5.1 Methods and Results

5.1.1 Preparation of expression constructs for in vitro transcription

5.1.1.L Amplification of the coding sequence of oASCT2

'Wool follicle cDNA was synthesised from total follicle RNA with the

oligodT-MCS primer (Table 3.2) and the Superscript II first strand cDNA

synthesis kit (Life Technologies). The full oASCT2 coding sequence was

amplified by PCR using 1 unit of eLONGase (Life Technologies), the

primers ATG (5'-TAAAGCTTTCATGGTGGCCGATCCGCCTAA-3'), TGA (5'-

TAGAATTCTTCACATGACTGATTCCTTCTC-3') and 1.5mM MgCl2. The

thermocycling profile for the reaction was (94"C/90secs, 64'Cl4}secs, 68"C/2mins)4g,

with initial denaturation at94"C for 5 minutes and final extension at 68"C for 10 minutes.

The reaction products were fractionated on a l%o a[arcse gel, the coding region was

purified and cloned into the EcoRV site of pBluescript using Cycle Restriction Ligation

(CRL; section 2.2.10).

5.1.1,.2 Preparation of a polyadenylation tail for the expression constructs

A polyadenylation tail was prepared for the expression constructs (Figure 5.1). A

primer HINDTERM (5'-CTAAGCTTTGATAGTGAAAA-3') was tailed at the 3' end

with 1 unit of terminal deoxynucleotidyl transferase (TdT) and either dATP or dTTP for thr

at3J'C. The dATP and dTTP-tailed primers were phenol/chloroform extracted and ethanol

precipitated. The tailed primers were mixed together (l:1), heated at 85'C for 5 mins and

cooled slowly to allow annealing. The annealed primers were end-filled by Klenow

polymerase (section 2.2.9) to form polyadenylation cassettes which were ligated into the

EcoRV site of pBluescript using CRL (section2.2.l0).
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Figure 5.1: Construction of the HINDTERM polyA cassette. The oligonucleotides were

tailed with dATP or dTTP using Terminal Deoxynucleotidyl Transferase (TdT), annealed

together and end-filled with Klenow polymerase. The polyA cassette is flanked by HindIII

sites (provided by the initial HINDTERM oligonucleotides) to help facilitate subcloning.

The pGEMHE vector is designed for oocyte expression studies (Liman et al.,

1992). The multiple cloning site of the vector is flanked by the 5' and 3' untranslated

regions (UTRs) of Xenopus B-globin which enhance the translation of exogenous

transport proteins (Krieg and Melton, 1984). The coding regions of the oASCT2 (Figure

5.2)and ASCT1 (Figure 5.3)transporters were subcloned into the pGEMHE vector.

These coding regions were initially subcloned from pBluescript (Stratagene) into pSP72

(Promega) to obtain restriction sites required for subcloning into pGEMHE.
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5.1.1.3 Preparation and analysis of full-length capped RNA

The expression vectors (pGEMHE-oASCT2polyA & pGEMHE-ASCTlpolyA;

Figures 5.2,5.3, respectively) were linearised with BbuI (SphI) and NheI, respectively.

The constructs were purified by phenol/chloroform extraction and ethanol precipitation.

Full length capped RNA was synthesised using the mMessage mMachine Kit (Ambion).

Following DNase I treatment, the cRNA was purified using phenol/chloroform extraction

and ethanol precipitation, analysed on a l7o agarcse gel and the concentration determined

by spectrophotometric analysis (GeneQuant, Pharmacia).

The subcloning of the ASCT1 coding region into pGEMHE was complicated by the

inability to digest at an XbaI site at the 3' end of the transporter cDNA. The XbaI site was

found to match the consensus for dam methylation, hence the ASCT1 clone was

transformed into a methylation deficient E. coli strain GM2I63 (dam-/dcm-; New England

Biolabs). The problem was also encountered when this coding sequence was subcloned

into the pSP72 vector, so it was also transformed into GM2l63.

Boorer et aI. (1992) demonstrated that a polyA tail composed of at least 30 dATP

residues was required for the efficient translation of a plant neutral amino acid transporter in

Xenopus oocytes. The approach chosen by Boorer et aL (1992) involved the synthesis of

two complementary oligonucleotides which were annealed together to produce the polyA

tail. A novel strategy involving Terminal deoxynucleotidyl Transferase (TdT) was

employed in the present study to generate a polyA tail (as described in Figure 5.1). The

polyA tail length ranged fuom 22 - 70 dATP residues (data not shown). The

HINDTERMpoIyA cassette chosen for subcloning into the pGEMHE-oASCT2 and

pGEMHE-ASCT1 expression constructs contained 70 dATP residues. However, unlike

Boorer et al. (1992), the presence of a polyA tail was shown to be unnecessary in either

expression construct to produce high levels of exogenous transport activity. The level of

cRNA-induced transport for both expression constructs, with or without the added polyA

tail, was between 10-30 fold that of endogenous levels (data not shown).
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Figure 5.2! Subcloning strategy used to generate the oASCT2 Xenopus expression construct

(pGEMHE-oASCT2polyA). Plasmid structures and restriction sites used for the subcloning are illustrated.

Arrows indicate the order of the recombinant DNA manipulations. Orientation of the oASCT2 coding

region 5' -> 3' and direction of T7 polymerase in transcription is indicated by the arrowhead. The position

of restriction sites and the T7 promoter transcription initiation sites are shown and total plasmid sizes

indicated beneath plasmid names. The 5' and 3' untranslated regions of Xenopus p-globin flank the

transporter cDNA and are denoted by the hatched boxes.
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Figure 5.33 Subcloning strategy used to generate the ASCTI Xenopus expression construct

(pGEMHE-ASCTlpolyA). Plasmid structures and restriction sites used for the subcloning are illustrated.

Arrows indicate the order of the recombinant DNA manipulations. Orientation of the ASCT1 coding region

5' -> 3' and direction of T7 RNA polymerase in transcription is indicated by the arrowhead. The position

of restriction sites and the T7 promoter transcription initiation sites are shown and total plasmid sizes

indicated beneath plasmid names.
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5.1.2 Preparation of Xenopus oocytes for microinjection

5.1.2.1 Isolation and selection of Xenopus oocytes

A female frog was anaesthetised and the oocyte mass exposed with an incision on

one side of the underbelly. The oocyte mass was removed, transferred to ND96 buffer

(Appendix 1) containing gentamycin (5Opg/ml) and the incision sutured with

nonabsorbable silicone treated silk (Davis + Geck/l.5 metric). The oocyte mass was pulled

apart with forceps, then incubated in Smg/ml collagenase A (Boehringer Mannheim) for thr

to separate oocytes from the supporting collagen matrix and washed 5 times in ND96 buffer

+ BSA (l7o). The oocytes were defolliculated in 100mM K2HPOa (pH6.5) + BSA (17o)

for I hr and washed 5 times with ND96 buffer + BSA (lVo). Oocytes were then transferred

to a 35mm culture dish (Falcon, Becton Dickinson, USA) into ND96 buffer + gentamycin

(50pg/rnl) and stored at 18"C with the buffer changed daily.

5.1.2.2 Microinjection of Xenopus oocytes with cRNA

Oocytes used in microinjection were selected on the basis of the definition of their

colour segmentation, round shape with no visible damage and uniform size (stage V - VI;

Coleman, 1984). The oocytes were aligned on a mesh-covered petri dish, submerged in

ND96 buffer and microinjected with 50nl of cRNA (-25ng in sterile HzO) using a pulled

capillary (0.2mm, diameter at tip). The injected oocytes were incubated at 18"C in ND96

buffer + gentamycin (5Opg/ml) for 2-3 days and buffer was changed daily.
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5.1.3 Amino acid transport studies

Uptake of radiolabelled amino acids into oocytes was measured in 24-well

microtitre plates. Amino acid transport studies were conducted on cRNA-injected oocytes

and control oocytes (either uninjected or water-injected; see later). Pools of 5 oocytes were

incubated at room temperature for 15 minutes in Oocyte Transport Buffer pH 7 .4 (OTB;

500 or 600 pl; Appendix 1) which contained L-alanine/3H-L-alanine or L-cysteine/35S-L-

cysteine (concentrations and pCi's are described below for each experiment). Amino acid

uptake into oocytes was terminated by washing each pool three times with lml of OTB.

Individual oocytes were then transferred to plastic scintillation vials (Crown Scientific,

Australia) and solubilised in 0.5m1 107o SDS at 65'C for 4hrs. Two millilitres of BCS

scintillant (Amersham, UK) was added to each vial and the radioactivity associated with

transport into the oocyte determined using a scintillation counter (Beckman, USA). Uptake

studies involving cysteine were conducted in the presence of 0.2 mM DTT, to keep the

amino acid in its reduced monomeric form.

5.1.3.1 Optimisation of amino acid transport conditions

The expression of ASCT1 amino acid transport activity in Xenopus oocytes was

achieved on the first attempt. These initial uptake studies were conducted on pools of 5

oocytes (ASCT1-injected and uninjected control oocytes) that were incubated for 40

minutes in OTB containing 100 pM L-alanine and 1, 5 or 10 pCi of 3H-L-alanine. The

level of transport was shown to be l0-fold higher in all pools of ASCTl-injected oocytes

compared to the control oocytes (data not shown). This preliminary uptake study showed

that the Xenopus oocyte expression system is well suited to the characterisation of system

ASC-like amino acid transporters. The conditions established with the ASCTI transporter

were applied to characterise the function of the oASCT2 transporter.
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The initial experiments demonstrated that a 50 - 100 pM concentration of cold L-

alanine used in combination with 1-5 pCi of radiolabelled amino acid produced significantly

greater levels of amino acid transport in oASCT2- and ASCTl-injected oocytes than in

uninjected oocytes. In subsequent experiments, instead of scintillation-counting pools of 5

oocytes at the conclusion of the amino acid transport period, each oocyte was scintillation-

counted individually. The counting of individual oocytes allows the comparison of amino

acid transport occurring between each oocyte of a pool rather than expressing transport as

the mean of 5 oocytes. This approach allowed the low or non-expressing oocytes to be

excluded in data analysis. The exclusion of some data, performed to overcome significant

biological variation in oocyte expression, was necessary as injection of cRNA into

Xenopus oocytes often affects their survival which hampers functional studies. Oocytes

were only excluded from the analyses if they exhibited less than 3-fold the level of the

endogenous amino acid transport activities. This was determined as a baseline below which

oocyte integrity was deemed to be severely compromised. The majority of experiments

described in this study had no data points removed and where data were excluded results

from only a small proportion of oocytes (2-8Vo) were removed.

Measurement of the endogenous amino acid transport activity of Xenopus oocytes

was determined for each batch of oocytes and subtracted from oocytes expressing oASCT2

or ASCT1 amino acid transporters. The level of L-alanine transport was measured in pools

of water-injected oocytes and uninjected oocytes. These studies revealed similar levels of L-

alanine transport for both oocyte pools (data not shown). Hence uninjected oocytes were

used to measure the endogenous transport actvities for all subsequent studies.



Chapter Five 109

A separate experiment examined the level of oASCT2 transport activity in pools of

oocytes each day after microinjection. The oocyte pools were incubated for 40 minutes in

OTB on day 1, 2 or 3 after microinjection. The oocytes showed a steady increase in the

level of oASCT2 expression over the three days after microinjection as measured by

L-alanine uptake (data not shown). On the basis of this result, uptake studies were

conducted 3 days after cRNA injection. The L-alanine competitive inhibition and substrate

dependence studies were conducted in oocytes on day 3 post-injection (p.i.). However,

significant variation in the data obtained from day 3 oocytes led to the use of oocytes on day

2 p.i.. The appearance of oASCT2-injected oocytes deteriorated greatly between day 2 and

3 p.i. (not as severe for ASCTl-injected oocytes) which suggested that oASCT2

expression affects the viability of oocytes after day 2p.i..

5.1.3.2 Determination of the time course of uptake

In order to characterise the kinetic parameters of the oASCT2 transporter, amino

acid uptake studies must be conducted at a timepoint where the rate of transport is constant

(first order kinetics). To examine the pattern of amino acid uptake a time course experiment

was conducted, whereby the transport of 100 pM L-alanine (containing 5 pCi 3U-f--

alanine) was examined at 5 minute intervals over 40 minutes on oASCT2-injected and

control oocytes. The amount of L-alanine transported by oASCT2 at each timepoint

revealed that L-alanine transport remained in the linear range for the first 20 minutes

(Figure 5.4). In subsequent experiments, the 15 minute timepoint was selected for

determining the kinetic parameters of oASCT2. The 15 minute timepoint of this experiment

was lO-fold greater than the endogenous transport activity of control oocytes at the

corresponding timepoint.



Chapter Five 110

I

3t

25

2t

I

0l
EÈ
-cru {Ê
fD E IJ

'=O
ffÈ
rE i=
I t0

- OASCT?

- Uninjecuü

T

-5

t
--t

olu2uEt40
Time (mins)

Figure 5.4: Timecourse of L-alanine uptake in oASCT2-injected and control oocytes. The

datapoints for both graphs are represented by their mean values (n = 3). Bars representing

the standard error of the mean values (IS.E.M) are also shown.

5. 1.3.3 Sodium l)ependence

Amino acid transport kinetic studies were conducted to examine whether the

oASCT2 transporter requires sodium ions for its transport activity. Uptake studies were

conducted in OTB that contained either 100 mM sodium chloride (Na+-plus) or 100 mM

choline chloride (Na+-minus). Oocytes used for the uptake studies conducted in the

absence of Na+ ions were initially washed in Na+-minus OTB to prevent traces of the

ND96 buffer (Na+-plus) from contaminating the Na+-minus OTB. Pools of 5 oocytes

were incubated in OTB (Na+-plus or Na+-minus) containing 100 ¡,r,M cold L-alanine and

5pCi3U-f-alanine for 15 minutes. Solubilisation and scintillation counting of the oocytes

was performed as described previously (section 5.1.3).



Chapter Five 111

70

Éu

r oAS0T?-injected

r UninjeËted

ft
EË srl
fEF
i=- m

Ë .E= 4t
'= Lt

EE(E=
lF BrlÈ

l.-

?0

1û

ü
OTE - Sodium Chloride

(Na +-Flus)
- tholine Chloride
{Na+-minus)

OTB

Figure 5.5: Sodium dependence of L-alanine uptake by oASCT2-injected and uninjected oocytes. The

data points used to generate these graphs represent the mean values (n = 5 oocytes) from 3 replicates with

the S.E.M. shown. Analysis of variance for this data is shown in Appendix 4.

These studies demonstrated that oASCT2 functions in a sodium dependent manner

(p < 0.001). The oASCT2-injected oocytes exhibited 10-fold higher levels of L-alanine

transport 'n ¡u+-plus OTB compared to the control oocytes (Figure 5.5). In the Na+-

minus OTB the L-alanine transport observed for oASCT2-injected oocytes was similar to

that of the control oocytes in Na+-minus buffer. The endogenous L-alanine transport in

Xenopus oocytes (control comparison) exhibited somewhat higher levels of transport

activity in the Na+-plus OTB than in the Na*-minus OTB and -l0-fold lower than

oASCT2-injected oocytes in Na+-plus OTB. This showed that some of the endogenous L-

alanine transport mechanisms of oocytes function in a sodium dependent manner. The low

level of L-alanine transport observed for oASCT2 -injected oocytes in Na+-minus OTB

was similar to control oocytes in the Na+-minus buffer. This clearly indicates that the

oASCT2 transporter functions in a sodium dependent manner.
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5.1.3.4 Competitive Inhibition Studies

To examine the inhibitory action of various amino acids on the transport of either

3H-L-alanine or 35S-L-cysteine, a 2O-fold excess concentration of cold competitor (either

alanine, cysteine, serine, glutamine or glutamate) was added to each oocyte pool. The

competitive inhibition studies were conducted in OTB containing 50 pM cold L-

alanine/5pCi 3H-L-alanine or 50 pM cold L-cysteine/5¡tCi 35S-L-cysteine. Pools of 5

oocytes were incubated for 15 minutes in the presence or absence of 1 mM of cold

competitor. Oocyte solubilisation and scintillation counting was performed as described

previously (section 5. 1.3).

Competitive inhibition studies were conducted on oASCTZ to examine the

inhibitory effect of selected amino acids on the transport of L-alanine (Figure 5.6) or L-

cysteine (Figure 5.7). These studies were performed in the presence of a 2O-fold excess

concentration of cold amino acids (lmM). The transport of L-alanine or L-cysteine in the

absence of cold amino acid (no inhibitor) was measured and expressed as I00Vo transport

activity. The transport of L-alanine or L-cysteine in the presence of 1 mM cold amino acid

was expressed as the percent (%) transport activity retained.

The sustrates L-alanine, L-serine, L-cysteine and L-glutamine all exhibited

significant inhibitory effects on the uptake of both radiolabelled amino acids (p < 0.001).

The negatively charged amino acid L-glutamate did not inhibit either L-alanine or L-cysteine

transport activity in oASCT2-injected oocytes. The ASCTl transporter was included in

these studies as a positive control (data not shown). It exhibited similar levels of

competitive inhibition by system ASC amino acids as the oASCT2 transporter but with the

exception of glutamine. This amino acid significantly inhibited the transport activity of

oASCT2 but showed no inhibitory effects on ASCTI transport activity. Furthermore, these

competitive inhibition studies conducted on the ASCTl transporter produced similar results

to those reported by Anizza et al. (1993).
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Figure 5.6: Competitive inhibition of L-alanine transport. The uptake of L-alanine by

oASCT2-injected oocytes \ilas examined. The data points for the graph represent the mean

values (n = 5 oocytes) from 3 replicate experiments with the S.E.M shown. Analysis of

variance for this data is shown in Appendix 4.
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Figure 5.7: Competitive inhibition of L-cysteine transport. The uptake of L-cysteine by

oASCT2-injected oocytes was examined. The data points for the graph represent the mean

values (n = 5 oocytes) from 4 replicate experiments with the S.E.M shown. Analysis of

variance for this data is shown in Appendix 4.
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5.1.3.5 Substrate dependence

The transport kinetics associated with the oASCT2 and ASCTl transporters were

examined at varying substrate concentrations. The various amino acid concentrations were

achieved by combining OTB containing 300 pM cold amino acid with OTB containing

0 ttM cold amino acid to generate uptake buffers at 1 pM, 3 pM, 10 pM, 20 pM, 30 pM,

60 pM, 100 pM, 200 pM and 300 pM. Pools of 5 oocytes were incubated for 15 minutes

in 600 pl of OTB containing cold L-alanine/6 pCi 3H-L-alanine or cold L-cysteine/6 ¡tCi

35S-L-cysteine. Solubilisation of oocytes and scintillation counting to detect transported

substrates was performed as described previously (section 5.1.3).

These studies were difficult and required the use of very good quality oocytes.

Significant variation was observed in the initial L-alanine studies when day 3 p.i. oocytes

were used, hence all subsequent substrate dependence experiments were conducted using

day 2 p.i. oocytes which generated much less variable data. The exclusion of data points as

described in section 5.1.3.1 was used mainly in these experiments to gain a more accurate

estimate of the Km and Vmax values for the oASCT2 and ASCTl transporters.

The members of the neutral amino acid transporter family have been shown to

transport amino acids in a manner that conforms with Michaelis-Menten kinetics (Arizza et

al., 1993' Utsunomiya-Tate et al., 1996). To determine the Km and Vmax of oASCT2,

amino acid uptake over a range of L-alanine and L-cysteine concentrations (1 pM - 300

pM) was measured. The ASCTl transporter was also included in the substrate dependence

experiments so that comparative data could be gathered. These studies produced highly

reproducible results, with both transporters having amino acid transport activities

conforming to Michaelis -Menten kinetics.'When expressed inXenopus laevis oocytes, the

oASCT2 and ASCTl transporters exhibited concentration dependent amino acid transport

that was saturable (see Tables 5.2,5.3, Figures 5.8, 5.9). The data points from each pool

were analysed using a non-linear regression computer program (Enzfitter Version 1.0; R.J.

Leatherbarrow, 1987) which generated fitted data points for the hyperbolically shaped

transport profile.
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The endogenous amino acid transport systems of Xenopus uninjected control

oocytes was measured. Endogenous amino acid transport activity was determined at each

of the amino acid concentrations described and found to contribute about lOVo of the total

amino acid uptake. This was subtracted from the transport activites of oASCT2-injected and

ASCTl-injected oocytes. The endogenous amino acid transport activities were also shown

to conform to Michaelis-Menton kinetics (data not shown).

The Vr¡¿¡ and Km values of the oASCT2 and ASCT1 transporters for L-alanine and

L-cysteine transport were calculated as the mean values from 2-5 replicate experiments that

each included 5 oocytes at each concentration. The L-alanine studies revealed similar mean

Kmvalues for the oASCT2 (50.1 + 10.8 pM) and ASCTI (43.7 + II.l pM) transporters.

The mean Vmax values for L-alanine transport were also shown to be similar for the two

transporters, 14.6 + 3.0 pmol/oocyte/min and 10.7 + 0.4 pmol/oocyte/min, respectively

(Table 5.2; Figure 5.8). The L-cysteine studies demonstrated that oASCT2 had a 2-fold

lower mean Km value (25.6 ! 1.9 pM) than the ASCTl transporter (67 .0 + 17.6 ¡rM). The

same was true with respect to their mean Vmax values for L-cysteine transport, with

ASCTl having a 2-fold higher Vmax (18.6 + 3.7 pmol/oocyte/min) than oASCT2 (8.3 +

1.3 pmol/oocyte/min) (Table 5.3; Figure 5.9). In summary, these studies demonstrated

similar L-alanine transport kinetics for the two transporters, but revealed significant

differences for L-cysteine transport by the oASCT2 and ASCTl transporters.

The transport of L-alanine (300 pM) was examined in the same batches of oocytes

used to measure L-cysteine substrate dependence (Table 5.4). These studies enabled the

V-u^ of L-alanine transport by the oASCT2 and ASCT1 transporters to be compared with

the V*u* of L-cysteine transport. These comparative studies were conducted twice and

showed that for each transporter, the Vmax for L-alanine transport was higher than for L-

cysteine transport. In fact, both transporters had a 3-fold higher Vmax for L-alanine

transport. Furthermore, these studies revealed that ASCTl had a 2-foId higher Vmax for

both L-alanine and L-cysteine transport than oASCT2.
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4'3;t + It;/
3Z.tJ + 1.7
55.4 + 22.1lo.t + o.4

(E)
(F)

10.4 + 0.8
11.1+ 1.5

ASC'l.IASC'I'I
50.1 + 10.8

17.9 + 22.6
45.7 X r2.3
51.1 + 11.0

25.6 t 6.014.6 + 3.0

(A)
(B)
(c)
(D)

22.3 + 2.6
15.6 + 1.4
12.4 + O.8

7.9 + 0.5

M¡]AN
(trM)

L-alanine l(m
oASCT2

MEAN
(pmol/oocyte/min)

L-alanine Vmax
oASCT2

Table 5.2: The K'¡ and V'ou* values for L-alanine transport in oocytes injected with

oASCT2 and ASCT1 cRNA are shown along with the standard errors. The letters (A - F)

refer to single experiments in which 5 oocytes were assayed for each substrate

concentration; these letters also correspond to the graphs shown in Figure 5.8.

6t.o + 17.6

101.6 + 10.ó
43.8 + 5.2
55.6 + 5.818.6 + 3.7

(r)
(G)
(H)

26.tJ + 1.1
14.5 + 0.6
r5.4 + 0.6

ASCTIASCll
25.6 + t.9

31.9 + 6.1
26.3 + 3.5
23.4 + 3.8
20.7 + 3.1

25.7 + 5.68.3 + 1.3

(A)
(B)
(c)
(D)
(E)

11.8 + 0.1
11.1 t 0.4
5.8 + 0.3
6.0 + 0.2
7.0 t 0.5

M¡,AN
(trM)

L-cysteine Km
oASCT2

Mß]AN
ipmol/oocyte/min)

L-cysteine Vmax
oASCT2

Table 5.3: The K- and V'',u* values for L-cysteine transport in oocytes injected with

oASCT2 and ASCTI cRNA are shown along with the standard errors. The letters (A - H)

refer to single experiments in which 5 oocytes were assayed for each substrate

concentration; these letters also correspond to the graphs shown in Figure 5.9.

1.8 + 0.1
(E) 7.0 r 0.5
(H) ts.4 + 0.6

2.7 + 0.1
zt.l + 1.9

44.4! r.5

Control
oASCT2
ASCTl

Batch B

2.r + 0.r
(c) 5.8 + 0.3
(G) t4.s r 0.6

3.0 + 0.3
18.4 + 1.3

37.4 + 3.8

Control
oASCT2
ASCTl

Batch A

L-cysteine Vmax
(pmol/oocyte/min)

L-alanine Vmax
(pmol/oocyte/min)

Construct

Table 5.4: Comparison of L-alanine and L-cysteine transport (300pM) in the same

batches of oocytes. Letters in the 3ss-L-cysteine column represent values from Table 5.3.
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Figure 5.8: L-alanine substrate dependence graphs for oocytes injected with oASCT2 and ASCTI

transporters. The data points shown on each graph were used to generate fitted values for the curves shown

(ENZFITTER), these were used to plot Michaelis-Menton curves and to calculate the V¡¡¿¡ and Km values.

The letters (A - F) on these graphs refer to the Km and Vmax values which are summarised in Table 5.2.
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Figure 5.9: L-cysteine substrate dependence graphs for oocytes injected with oASCT2 and ASCT1

transporters. The data points shown on each graph were used to generate fitted values for the curves shown

(ENZFITTER), these were used to plot Michaelis-Menton curves and to calculate the V¡¡¿¡ and Km values.

The letters (A - H) on these graphs refer to the Km and Vmax values which are summarised in Table 5.3.



Chapter Five tt9

5.1.3.6 Electrophysiological characterisation of oASCT2-injected oocytes

Oocytes were used for electrophysiological studies 2 days after cRNA injection. A

two-electrode voltage-clamp system was used to measure L-alanine evoked currents. The

bath solution containing oocytes was perfused with a Na*-free buffer (NaCl was replaced

by choline chloride or N-methyl-D-glucamine chloride; NMDG), followed by a NaCl-

containing buffer (OTB) and finally by lmM L-alanine in the OTB buffer. The currents

evoked by the oocytes were measured at different holding potentials, data were collected

using pClamps and examined using the computer software packages, Axograph and Cricket

Graph III.

These studies were conducted on oASCT2 and ASCTl-injected oocytes to examine

the electrogenic nature of their amino acid transport activities. The principle of the analysis

is that during amino acid transport, there is a change in charge distribution across the

membrane. Hence it is possible to measure amino acid transport by monitoring the

movement of co-transported ions. Under these conditions, the expressed oASCT2 and

ASCTI transporters exhibited markedly different levels of electrogenic transport as

demonstrated by their current versus voltage (IV) curves while control uninjected oocytes

exhibited negligible L-alanine induced currents (Figure 5.10). These studies were

conducted on three batches of oocytes and produced comparable data for both transporters.

The expressed oASCT2 transporter exhibited 6-fold higher L-alanine evoked currents than

ASCTI when membrane potential was -60mV. Furthermore, when the bath solution

contained only sodium OTB the oASCT2-injected oocytes generated 6-fold higher currents

than ASCTl-injected oocytes. The oASCT2 and ASCTl injected oocytes also showed

differences in their Enev values (membrane potential when current is zero), -25mV and

-40mV, respectively (Table 5.5) in the OTB + L-alanine bath solution.
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To examine whether the L-alanine induced currents were influenced by the

expression levels of the oASCT2 and ASCT1 transporters in cRNA-injected oocytes, the

same batches of oocytes used for electrophysiological studies were subsequently used to

measure the uptake of 3H-L-alanine at 300pM cold L-alanine. The ASCTl-injected oocytes

(44pmol/oocyte/min), were in fact transporting alanine at a 2-fold higher rate than the

oASCT2-injected oocytes (21pmol/oocyte/min). These findings suggest that oASCTZ and

ASCTl may indeed utilise different modes of co-transport.

To investigate whether the electrogenic activity of oASCT2 is a consequence of a

chloride conductance, a bath solution containing sodium malonate instead of sodium

chloride was included in the electrophysiological studies (Figure 5.10). The uptake buffer

prepared with sodium malonate contained 4mM chloride ions compared to the sodium

chloride OTB solution which contains 100 mM chloride; apart from this, the solutions were

identical with respect to the concentration of other ions.

The currents induced by the sodium malonate only and sodium malonate + alanine

bath solutions were larger than those observed for the NMDG + L-alanine bath solution but

smaller than the subsequent currents produced when sodium chloride was present.

However, unlike the NMDG solutions the sodium malonate OTB produced an increase in

current when lmM L-alanine was applied. The currents produced by sodium malonate OTB

were significantly smaller than those produced by sodium chloride OTB (data not shown).

Although these studies have not proved the existence of a chloride conductance channel

associated with oASCT2 activity, they have demonstrated that a large component of the

oASCT2-induced currents is associated with the transport of chloride ions. This is indicated

by a significant reduction in the currents obtained from oocytes bathed in the sodium

malonate OTB.
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Figure 5.1-0i Cunent-voltage (IV) relationship for Lalanine-evoked currents in oASCT2-injected,

ASCTl-injected and control uninjected oocytes in various holding buffers. The holding potentials were

applied for a duration of -100 milliseconds and the currents measured. Oocytes were bathed progressively in

solution 1 to 5. The letters (A-D) on these graphs refer to the individual oocytes which are summarised in

Table 5.5. Note: the different magnitude of the y axis scales for oASCT2, ASCT1 and control uninjected

oocytes.
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707,0 + 4.001515control

-5070t43420control

(D)

-308t2155r43ASCTl-injected

lc)

-252293.2 ! 33.051282231oASCT2-iniected

-203264262198oASCT2-iniected

-30JJ25l0l76oASCT2-iniected

-301089017383oASCT2-injected

(B)

-2540r32460328oASCT2-injected

(A)

-2530r978536s6oASCT2-inìected

Batch 3

-403025.0 + 0.025LO782ASCTI-iniected

-40252512499ASCTI-iniected

-2533115.3 + 11.7144588444oASCT2-iniected

-25100407307oASCT2-iniected

-2530124542418oASCT2-iniected

-252593452359oASCT2-iniected

Batch 2

-50-1.0 + 0.6-2t2t4Control

-35005959Control

-401.5 + t.412728ASCTI-iniected

-40t243834ASCTl-iniected

-253059.0 + lt.237165128oASCT2-iniected

-256084234150oASCT2-iniected

253056243187oASCT2-iniected

Batch 1

Ennv

(mv)-
Vo increase

in current

Mean Current

rncrease

inA + S.E.M)

Current

increase

(nA)

Sodium +

alanine

current (nA)

Sodium

current

(nA)

Oocyte

Table 5.5: The L-alanine induced currents at a membrane potential of -60mV and their

conesponding Epgy values are shown for oASCT2-injected, ASCTl-injected and control

oocytes from three batches of oocytes. The current-voltage (IV) profiles of oocytes A, B, C

and D from batch 3 are shown in Figure 5.10.
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5.2 Discussion

The nature of the Xenopus oocyte expression system is such that early functional

studies were required to optimise conditions so that reproducible results could be obtained.

The uptake experiments conducted early in this study were performed on oocytes 3 days

after cRNA microinjection. However, after completing the L-alanine substrate dependence

studies and competitive inhibition analysis it was found that more consistent results could

be achieved on day 2 post-injection. Since the L-alanine substrate dependence studies

contained some variable transport data it was decided to repeat these studies with day 2

post-injection oocytes which possessed a higher degree of reproducibility. The functional

characterisation of L-cysteine transport was conducted entirely on day 2 p.i oocytes.

Experience gained in the alanine studies was reflected by the low standard errors obtained

for the cysteine transport studies (Table 5.3).

The other significant modification to the experimental design involved the

scintillation counting of each oocyte in the pool instead of counting a single pool of 5

oocytes. This modification ensured that data points within a pool could be examined and

allowed the exclusion of some data points from cRNA-injected oocytes which exhibited

only endogenous levels of transport activity. This was of great importance for the substrate

dependence studies because it removed non-expressing oocytes which interferred with

kinetic analysis. No data points were removed from the sodium dependence or competitive

inhibition studies.

The functional characterisation of the ovine ASCT2 transporter in Xenopus oocytes

has demonstrated that it belongs to the Na+-dependent neutral amino acid transporter

family. In a similar manner to the ASCTl and ASCT2 (Arriza et al., 1993; Utsunomiya-

Tate et al., 1996) neutral amino acid transporters which were both functionally

characterisedinXenopzs oocytes, oASCT2 transports the neutral amino acids alanine,

serine, cysteine and glutamine. The oASCT2 transporter demonstrated a broad substrate

selectivity which was similar to that reported for the mASCT2 transporter. The most

obvious similarity between oASCT2 and mASCT2 is their ability to transport glutamine

which is not a substrate of the ASCT1 transporter.
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The Km values obtained in this study for the oASCT2 transporter in L-alanine and

L-cysteine transport were similar to those described previously for hASCTI and mASCT2

(Arizza et al., 1993; Utsunomiya-Tate et a1.,1996). The oASCT2 transporter appears to

have a 3-fold lower Vmax for L-cysteine transport when compared to the Vmax for L-

alanine (Table 5.4). A similar difference between the Vmax of L-alanine and L-cysteine

transport by ASCT2 was noted by Utsunomiya-Tate et al. (1996). Cysteine was described

as having more of an inhibitor action on mASCTZ rather than being a high affinity

transportable substrate. The Vmax value for cysteine transport by mASCT2 was one tenth

the Vmax of L-alanine transport by mASCT2. Interestingly, mASCT2 exhibits a low Km

for cysteine transport (18.8 pM) as has been observed for oASCT2. The low Km of the

oASCT2 transporter (25.6 + 1.9 pM) makes it well suited to transporting cysteine into the

wool follicle considering the circulating concentration of L-cysteine in the plasma of sheep

is around 50 pM (Williams, 1976; Williams et aL.,1972 1990; Reis et a|.,1990;Lee et aL,

1993).

The functional characterisation of the hATB" and riATB" transporters revealed the

isolation of an amino acid transporter belonging to system B" (Kekuda et aL,1996; Kekuda

et aL.,1997). The hATB'-injected and riATB'-injected oocytes were assayed on day 5 post-

injection and produced low levels of amino acid transport. In the cument study oASCT2-

injected oocytes were clearly shown to be suboptimal for amino acid uptake studies at day 3

post-injection. It seems the functional studies conducted on the hATB" and riATB"

transporters were hampered by the experimental design, and the use of low concentrations

of amino acids in the uptake studies are likely to have further affected interpretation of the

results. The riATB'publication measured 3H-L-threonine transport at 0.4pM and obtained

uptakes of 2.30 + 0.22 pmol L-threonine/oocyte/hour (Kekuda et al., 1997). The hATB'

publication measured 3H-L-alanine transpoft at l25nM and obtained uptakes of only

20Ofmol/oocyte/hour (Kekuda et aL,l996).In comparison mASCT2 was assayed on day 2

post-injection with 3H-L-alanine transport measured at 100pM and obtained uptakes of

600pmol/oocyte/hour (Utsunomiya-Tate et al., 1996). Furthermore, the 3H-L-alanine

uptake at 100pM for oASCT2 was 540pmo1/oocyte/hour.
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In order to confirm the isolation of a system B' transporter the hATB" and riATB'

studies were performed in both HeLa cells and Xenopus oocytes (Kekuda et a\.,1996;

Kekuda et aL.,1997). The HeLa cells which posses endogenous B' activity were shown to

exhibit only modest cDNA-induced stimulation of the transport activity. For example, the

riATBo (Kekuda et al., lggl) transfected HeLa cells used as uninhibited controls in

competitive inhibition studies transported only 1.08 + 0.01 pmol 3H-L-glutamine/min/106

cells compared to 0.807 + 0.007 pmol 3H-L-glutamine lminlI06 cells transfected with

vector alone. Xenopus oocytes which lack endogenous system B" activity also produced

low levels of cRNA-induced amino acid uptake; 3H-L-threonine (2.3pmoUoocyte/trour) and

3H-L-glutamine (0.8pmol/oocyte/hour). However unlike the studies conducted in HeLa

cells, the control oocytes transported much lower levels than the injected oocytes (10-30-

fold lower). From this comparison and considering the results obtained in the Xenopus

system here, it appears that further testing of oASCT2 for B"like activity in HeLa cells may

be a fruitless exercise.

The electrophysiology studies conducted on oASCT2 have revealed a distinct

electrogenic mode of transport. The ASCT1 transporter was included in these studies as a

positive control and produced smaller inward currents which matched those previously

described (Arizza et aI., 1993). The currents evoked by the oASCT2 transporter by

L-alanine were 6-fold greater than those produced by the ASCTl transporter at -60mV.

Interestingly, the oASCT2 transporter also exhibited 6-fold higher curents than ASCTI

when exposed only to sodium OTB. The current produced by oASCT2 reversed (Enev)

at -25mV * 2.5 whereas the ASCT1 transporter exhibits a current reversal at -40mV +

4.5. Radiolabelled amino acid uptake studies conducted on the same batches of oocytes

revealed that L-alanine transport by ASCTl was 2-fold higher than for the oASCT2

transporter. The distinct electrophysiological activities of the oASCT2 and ASCTI

transporters, along with the differences observed in their ERev values, indicate that

differences may exist in the stoichiometry of the co-transported ions by these

transporters.
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To examine whether the electrogenic transport activity of the oASCT2 transporter

was a consequence of a chloride conductance, similar to the one described for ASCTI

(Zerangte and Kavanaugh, 1996), electrophysiological studies were performed with a

bath solution containing sodium malonate instead of sodium chloride. The currents

induced by the sodium malonate and sodium malonate + alanine bath solutions were

significantly smaller than the corresponding cunents when sodium chloride was present.

The sodium malonate solutions produced current increases when L-alanine was applied

but the increases were smaller than those observed for L-alanine in sodium chloride-

containing solutions. Despite the small concentration of chloride (-4mM) present in the

sodium malonate OTB these results indicate there is likely a chloride channel associated

with oASCT2 activity.

Electrophysiological studies in sodium malonate OTB have demonstrated

significantly lower currents for both oASCT2-injected and ASCTI-injected oocytes

compared to the currents obtained when sodium chloride OTB was the bath solution. The

current increases observed for sodium malonate + lmM L-alanine are likely to result

from traces of chloride in the buffer or alternatively may more accurately represent the

electrogenic activity of the oASCT2 transporter because of a smaller chloride conductance

component (25-fold less chloride in sodium malonate OTB). Further studies are required

to confirm the existence of a chloride conductance for oASCT2 but these studies suggest

that significant cunents are associated with chloride ions. The members of the glutamate

transporter family all have a chloride conductance and the ASCTl transporter has also

been demonstrated to possess this activity. Hence, the other members of the neutral

amino acid transporter family are likely to possess a chloride conductance especially

considering the high amino acid identity among family members and the similarity of

their transport properties. Unfortunately, these studies cannot suggest why the oASCT2

transporter exhibited significantly larger cunents than ASCTl (6-fold higher) at -60mV

in Na+-OTB + L-alanine bath solution but considering that ASCTl was shown to be

transporting 2-fold higher levels of L-alanine than oASCT2 it may involve differences in

transport thermodynamics and cation flux coupling (Zerangue and Kavanaugh, 1996).
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The ASCT1 transporter was used in these studies as a positive control and evoked small

inward currents which matched those described in the original publication (Arizza,1993). The

ASCTI transporter was initially reported to have an electrogenic mode which produced inward

currents in a dose-dependent manner (Arizza et al., 1993). However, it has since been

demonstrated (Zerangue and Kavanaugh,1996) that the ASCTl associated cunents result from

activation of a thermodynamically uncoupled chloride conductance which is similar to those

described for the glutamate transporter family. The mASCT2 transporter was shown to exhibit

electroneutral amino acid transport activity and hence there was no mention of whether a

chloride conductance was observed (Utsunomiya-Tate et aL.,1996). The electrogenic nature of

oASCT2 appears to be very similar to the hATB" and riATB" transporters but distinct from the

electroneutral transport activity observed for the mouse ASCT2 transporter. Further studies are

required to examine whether the currents evoked by oASCT2 ue due to the transporter itself or

result from a chloride conductance similar to those described for other members of the glutamate

and neutral amino acid transporter family.



CHAPTER SIX

General Discussion
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This thesis describes the isolation of a cDNA encoding a neutral amino acid

transporter (termed oASCT2) that is expressed in the keratogenous zone of the wool

follicle and in other sheep tissues including adipose, kidney and lung. The functional

characterisation of oASCT2 in Xenopus oocytes revealed that it belongs to the ASC family

of transporters; it exhibits high affinity transport of L-alanine and L-cysteine. The findings

of my study will be discussed in this section and used to examine the significance of the

oASCT2 transporter in the process of wool biosynthesis.

6.1 The oASCT2 cDNA belongs to the neutral amino acid transporter

family

At the beginning of this research project, ASCT1 was the only member of the

neutral amino acid transporter family which had been cloned. Its homology with the family

of glutamate transporters enabled design of degenerate oligonucleotides that were used to

amplify the oASCT2 cDNA sequence from the wool follicle. Now, a total of seven

cDNAs belonging to the neutral amino acid transporter family have been cloned; ASCT1

(human; Arizza et al., 1993), mASCT2 (mouse; Utsunomiya-Tate et al., 1996), hATB'

(human; Kekuda et al., 1996), riATB (rabbit; Kekuda et al., 1997), mASCTI (mouse;

Genbank accession U75215), raASCT2 (rat; Genbank accession AJI32846) and oASCT2

(described in this thesis). These transporters all exhibit high affinity transport of the core

amino acids of system ASC, are expressed in common and sometimes unique tissues,

show different affinities for certain neutral amino acids (ie glutamine) and the

electrophysiological data indicate that different modes of amino acid transport may be used

by some of these transporters.

The neutral amino acid transporter cDNAs have been isolated from a diverse range

of tissues of a number of different species and members of this family appear to belong to

two subclasses. To follow is my classification for the current members of this family

which has been constructed by matching the characteristics which are common to certain

transporters. The hASCTI and mASCTI cDNAs belong to the ASCTl-like subclass and

the mASCT2, hATB', riATB' and oASCT2 transporters belong to the ASCT2-like
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subclass. This division is based upon the tissue distribution, level of amino acid identity

and the substrate specificity of the different transporters.

Alignments of the protein sequences show large amino acid domains that are

conserved amongst all the members of the neutral amino acid transporter family (3.I.Ð.

Many of these domains are also conserved in the glutamate transporters, suggesting that

these regions are likely to play a common structural role in the transporters (ie membrane

spanning domains). The neutral amino acid transporters all share significant levels of

amino acid identity; the highest is amongst subclass members. There also exists distinct

amino acid identity that is only conserved between the members within a subclass and a

number of amino acid deletions and insertions only present in individual transporters.

The hydropathy plot of oASCT2 is similar to other members of the neutral amino

acid transporter family. The plots reveal a common pattern which demonstrates the

existence of 6 distinct transmembrane domains but show the presence of an extended

region of hydrophobicity in the C-terminus which does not conform with conventional

transmembrane structure. The glutamate transporters exhibit a similar hydropathy pattern

that suggests they also share this common structure. The absence of a cleavable signal

sequence suggests the NH2 terminus of these transporters is located intracellularly.

However, classification of the structure in the COOH-terminal half of these proteins has

been controversial. Although all members of the superfamily exhibit significant amino acid

identity in this region there is little consensus for a common structure. The unusual

composition of this region does not conform with conventional algorithms for predicting

membrane spanning domains. The long stretch of hydrophobic amino acids in this region

has no clear tendancy to show cr-helix structure but may form B-sheets which cross the

membrane and most likely position the COOH terminus inside the cell (Palacin et al.,

1998). It is clear that further evidence must be gathered to determine the exact structure of

these transporters. Experiments using site-directed mutagenesis, peptide-directed specific

antibodies and chemical modification of specific cysteine amino acid side chains may find

the answer?
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The tissues in which the neutral amino acid transporter cDNAs are expressed are

quite different between the two subclasses. The ASCTl-like transporters

(hASCTl/mASCTl) are expressed most abundantly in the brain, skeletal muscle, pancreas

and heart, whilst lower levels are observed in placenta, lung, liver and kidney (Arriza et

al., 1993). The most common feature of the ASCT2-like transporters is their lack of

detectable expression in the brain and heart. The ASCT2-like transporters (mASCT2,

hATB", riATB", oASCT2) are all abundantly expressed in lung, kidney and adipose tissue.

A notable difference is observed for expression of ASCT2-like transporters in skeletal

muscle, with high level expression of mASCT2, low level expression of hATB" and no

detectable expression for oASCT2. It is not known why both subclasses of the neutral

amino acid transporters are expressed in some tissues whereas only one transporter is

expressed in other tissues. This may reflect species differences and be based on

physiological parameters relating to their metabolism of nutrients; though all mammals, a

notable difference for oASCT2 is that it is from a ruminant.

This study was the first to examine the expression pattern of a neutral amino acid

transporter in skin. The expression of oASCT2 was localised to the keratgoneous zone of

the wool follicle, specifically to the cortical cells which produce the wool fibre. There

appears to be no expression of oASCT2 in the other cellular layers of the wool follicle, the

dermis or epidermis. The uptake of 3ss-L-cysteine into the wool follicle was previously

examined in this laboratory and shown to occur throughout the keratogenous zone in a

pattern that was identical to the location of oASCT2 expression (Thomas and Hynd,

unpublished data). These observations suggested that a cDNA encoding a transporter of

cysteine into the wool follicle would be localised to these cells. oASCT2 is such a

transporter.

The examination of oASCT2 expression in a variety of sheep tissues by RNA

protection demonstrated that the gene was expressed in a similar range of tissues as for

other members of the ASCT2-like subfamily, namely adipose tissue, kidney and lung. The

greatest level of oASCT2 expression was demonstrated in the wool follicle, which further

supports the view that oASCT2 is important for cysteine transport into the wool follicle.

The expression of oASCT2 in the kidney is proposed to play a role in the resorption of



Chapter Six 131

amino acids that would otherwise be excreted in the urine. Although this theory has not

been tested in this study, the localisation of oASCT2 expression in the kidney by way of

in situ hybridisation would demonstrate whether the transporter is expressed in the

appropriate cell types that are responsible for the resorption of amino acids.

6,2 Designation of oASCT2 to System ASC versus System B

The putative oASCT2 coding region has greatest amino acid identity to the ATB'

transporter sequences. However, it seems insufficient evidence has been provided by

Kekuda et aI. (1996, I99l) to confirm the isolation of a system B' transporter and not a

system ASC variant. Hence I believe that oASCT2 should be classified as an ASCT2-like

and not system B" amino acid transporter. A review on mammalian amino acid transport

recently suggested that mASCT2 is the murine counterpart of human ATB" which was

supported by the screening of a mouse kidney cDNA library with a rat ATB' cDNA probe,

and all positive clones obtained were mASCT2 (Palacin et al., 1998). The suggestion has

been further confirmed in this study by Southern analysis of human, mouse and sheep

genomic DNA which has revealed the existence of a single ASCTl-like and ATB"/ASCT2-

like sequence for each species.

The brush border membrane of the absorptive cells of the small intestine and kidney

express a broad scope, neutral amino acid transport system (Bo) (Stevens et al., 1982;

Maenz and Patience,1992). The publications describing hATB" (Kekuda et aL,1996) and

riATB" (Kekuda et aL, 1997) have reported that these cDNAs exhibit transport activities

which are similar to System B'. Classification of transporters to System B' was based

upon competitive inhibition studies in which alanine and threonine uptake, respectively,

was inhibited not only by the core system ASC substrates but also by highly branched and

bulky amino acids such as isoleucine and phenylalanine. The inhibition observed for

hATB" and riATB" with branched and bulky amino acids was much less potent than

observed for ASC substrates, even with the excessive amounts of cold inhibitor that were

used (Kanai, 1997). Transport system B" differs from System ASC because it has a

broader substrate scope and evidence suggests it may be unique to epithelial tissues. The

hATB" and riATB' cDNAs were isolated from epithelial tissues and both exhibited a
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broader substrate range than ASCT1. However, the tissue distribution of the ATB"

transporters was similar to mASCT2 which suggests further evidence is still required to

show whether the ATB" transporters belong to system B" or whether they are merely

variants of System ASC.

The competitive inhibition experiments conducted on hATB" and riATB' which

formed the basis for allocation to system B" were performed using questionable

concentrations of labelled and unlabelled amino acids, with the ratio being 1:250000. This

approach is likely to have exaggerated the degree of inhibition by the unlabelled amino

acids and hence the broader substrate scope. In a separate study, the same competitive

inhibition experiment was conducted on the mASCT2 transporter (Utsunomiya-Tate et aI.,

1996) over a similar range of labelled and unlabelled amino acids, however the ratio in this

experiment was 1:100. The competetive inhibition analyses conducted on mASCT2

demonstrated that alanine, serine, cysteine, threonine, glutamine and asparagine strongly

inhibited mASCT2 transport activity, with only 5-lOVo of L-alanine uptake retained

compared to control uptake in the absence of amino acids. Furthermore, methionine (20Vo),

leucine (25Vo), glycine (35Vo) and valine (407o) also significantly inhibited L-alanine

transport. These amino acids were also shown to be transported by mASCT2 at low

affinity (Km -300-500pM). Although the inhibition pattern of mASCT2 is very similar to

that reported for the ATB' transporters, the authors chose to allocate the mASCT2

transporter to System ASC.

Competitive inhibition studies were conducted on riATB'-injected oocytes at pH5.5

and p}ì7.4. These studies were used to further support their view that riATB" was a

system B" transporter because it exhibited pH-dependent inhibition by anionic amino acids

which is also a property of system B" in rabbit jejunal brush border membrane vesicles

(Maenz and Patience,1992). However, similar pH-dependent inhibition by anionic amino

acids has been demonstrated for the ASCTl and mASCT2 transporters (Arizza et aL, 1993;

Utsunomiya-Tate et a\.,1996). The observation of an altered substrate selectivity such that

at pH values below 1.4 anionic amino acids function as inhibitors and substrates has

always been a unique property of system ASC activity (Tamparapoo et al., 1996).

Furthermore, considering that the characteristics of system ASC activity vary between cell

I
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types and that not all cell types express ASCT1, it is possible that mASCT2 and the ATB"

transporters may indeed represent variants of ASC activity. Therefore, do the inhibition

profiles reported for the ATB' transporters at pH5.5 and 7.4 accurately represent their

activities in physiological conditions where most amino acids are at the same concentrations

and furthermore were the inhibition profiles of these transporters exaggerated by the use of

excessive levels of cold competitor amino acids (Kanai, 1997)?

Utsunomiya-Tate et aL (1996) reported that mASCT2 exhibited similar but broader

substrate selectivity when compared to ASCTl. In fact, the substrate specificty of

mASCT2 was similar to the original system ASC characterised by Christensen et al.,

(1967). Christensen (1990) postulated that system ASC is a ubiquitously expressed

transport system that is composed of many isoforms. Several reports have identified

system ASC subtypes with different substrate selectivity and inhibitor sensitivity. The

functional characterisation of oASCT2 suggests that it should be classified as a System

ASC transporter, even though it was isolated from an epithelial tissue, the wool follicle and

exhibits a higher level of amino acid identity with the ATB' transporters. The oASCT2

transporter has not been classified as a System B' transporter because in my opinion there

is insufficient evidence to classify the hATB' and riATB" transporters as System B" and

not as System ASC, especially considering the diversity that is known to be associated

with System ASC transport activity in different mammalian cell types.

The current knowledge of neutral amino acid transporters suggests the existence of

two distinct members, the ASCTl-like and ASCT2-like transporters. The latter allocation is

currently unclear but the high degree of amino acid identity amongst these transporters and

the similarities in amino acid transport associated with the expression of mASCT2 and

hATB" suggest they are probably variants of system ASC which correspond to the

epithelial system B'. The classification of system B" was based upon a broad scope

sodium-dependent uptake system for zwitterionic amino acids which was described across

the apical pole of epithelial cells (Stevens et aL, 1982), for example in the small intestine

for amino acid nutrition (brush border membranes) and also the kidney for renal

reabsorption of amino acids. Although hATB" or riATB" are expressed in tissues which

possess system B' activity no studies were performed to localise the site of either

I
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transporters expression in these tissues. In my opinion, the ATB" and ASCT2-like

transporters are likely to encode the classical epithelial-specific system B" transport activity.

However, in order to generate a common nomenclature these transporters should be

classified as ASCT2-like transporters mainly because they share high amino acid identity

with each other and the ASCTlJike/glutamate transporters.

The ASCTl transporter exhibits an exchanger-like activity with a ratio of influx to

efflux of amino acid substrates of I:I (Zeransue and Kavanaugh, 1996). The recent

publication which demonstrates that hATB' may also exhibit a similar exchanger activity

(Torreszamorano et a1.,1998) compromises the expected role of system B' which involves

the concentrative uptake of neutral amino acids in epithelial tissues. Furthermore, the

cortical cells of the wool follicle have an epithelial origin and the putative follicle-derived L-

cysteine transporter sought in this project is required to be capable of active uptake of

amino acids into the wool follicle to facilitate wool fibre biosynthesis. Hence, the

exchanger activity reported for the hATB" transporter must be examined carefully to ensure

the correct interpretation of the results is made. Unfortunately, the exact physiological

role(s) of the ASC-like amino acid transporters is unknown and needs to be examined in

more detail before a comprehensive understanding of the cellular functions of the ASCT2-

like transporters is available.

6.3 Proposed role of oASCT2 transporter in wool production

The oASCT2 transporter appears to be involved in the transport of neutral

amino acids, including cysteine, into the keratogenous zone of the wool follicle,

presumably to facilitate keratin synthesis. Interestingly, oASCT2 is the only member

of the neutral amino acid transporters that is not expressed in skeletal muscle. The

absence of oASCT2 expression in this tissue may provide the mechanism whereby

sheep can partition amino acids between the skin and the skeletal muscle. While the

requirement of the wool follicle for amino acids is known to be enormous, it is

possible that sheep breeds more suited to wool growth are able to absorb more amino

acids in the skin. Breeds more suited to muscle growth may lack this ability.

t
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Comparison of oASCT2 expression levels in the wool follicle between sheep

genotypes may reflect their potential for wool production.

The sheep industry in Australia involves many breeds of sheep, including

breeds kept for either meat or for wool production. There are few sheep breeds

capable of producing a top quality carcass and a high clean fleece weight. The

nutritional demand exerted on sheep by the wool follicles and skeletal muscle may

therefore have led to the development of different amino acid transport mechanisms in

each tissue. Such mechanism(s) would function to regulate the supply of amino acids

to the wool follicle during harsh enviromental conditions while maintaining the

required nutrition to skeletal muscle.

The rate of wool growth of an animal is controlled by a number of genetic

characteristics and environmental parameters. However, the underlying factor

controlling wool growth is the relative availability of nutrients to all tissues and

organs. The availability of amino acids for wool growth is determined by capillary

blood flow to the skin and the concentration of amino acids in the plasma. Transfer of

nutrients from the blood to the skin can be described by the Michaelis-Menten kinetic

equation. Black and Reis (1979) used this equation to generate a simple model which

described the utilisation of sulphur-containing amino acids by sheep. Unfortunately,

due to the complexity of factors influencing nutrient utilisation within and between

tissues, it was difficult to predict with any accuracy the partitioning of nutrients for all

tissues and organs. The simulation approach described by Black and Reis (1919) for

the utilisation of sulphur-containing amino acid was based on aspects of the then

current knowledge pertaining to wool growth such as determinants of follicle

number, determinants of fibre growth rate and the utilisation of nutrients for wool

growth.

Knowledge of the utilisation of amino acids by the wool follicle is more

complete than for energy utilisation. The maximal requirement for each amino acid

can be calculated from the composition of wool proteins and the potential rate of wool

growth. The mathematical model developed by Black and Reis was constructed to

illustrate possible mechanisms controlling the partitioning of sulphur-amino acids
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between wool growth and other bodily functions. It was proposed that skin and the

other organs have a fluid pool that exchanges amino acids rapidly with the blood. The

rate of exchange depends on blood flow rate and the concentration of amino acids in

the blood. The flow of amino acids from these pools for protein synthesis is

considered an irreversible loss and is controlled by Michaelis-Menten kinetics. This

model, predicted an interaction between increased demand of tissues other than the

wool follicles for sulphur amino acids and the genetic capacity of sheep to grow

wool. The conclusions drawn were as one might expect, that the actual rate of wool

growth depended upon the relative availability of nutrients to all tissues of the body

and the relative kinetics of competing biochemical reactions. Specifically, maximal

rates of wool growth were controlled by the availability of nutrients (ie sulphur-

containing amino acids) to the wool follicle. Therefore, significant differences

observed for wool production within and between sheep breeds, maintained on a

similar plane of nutrition, is likely to be controlled by physiological, cellular and

molecular factors which all interact and enable the wool follicles to better compete for

nutrients when the supply is limited.

Sheep breeds may possess different amino acid transport activities that are

better suited to either wool or muscle growth. The presence of more efficient amino

acid transporters in the wool follicle may account for significant differences in wool

production between the Fleece-plus (high clean fleece weight) and Fleece-minus (low

clean fleece weight) selection flockg (Williams et al.,1912). The different ability of

these sheep to respond to cysteine infusion indicates that the Fleece-plus sheep may

possess a more efficient transport mechanism that is able to extract greater levels of

amino acids from the plasma. To investigate whether variants of the oASCT2

transporter are responsible for differences in cysteine utilisation, studies could be

performed to examine the level of transporter mRNA and/or protein in the wool

follicles of high- and low-producing sheep. Alternatively, isolation of the oASCT2

cDNAs from these sheep breeds may reveal differences in the primary structure

(amino acid sequences) of their transporters. Functional studies in Xenopus oocytes

could then be used to examine the properties of the respective transporters. Chimeric



Chapter Six t37
constructs containing the unique regions of each transporter could also be constructed

and tested in Xenopus oocytes, to confirm whether these unique structural domains

are responsible for differences in the cysteine transport ability of the different sheep

breeds.

In some breeds, additional cysteine activates expression of the high- and ultra-

high sulphur keratin genes. The most consistent characteristic of the high-producing

genotype (Fleece-plus) is a significantly lower level of cysteine in both the plasma

and the wool (Williams, 1987). These observations complicate the suggestion that

genetically high-producing sheep possess more efficient transporters because it does

not account for the lower levels of cysteine in the wool produced. The current

thinking in our laboratory is that high-producing sheep may express lower levels of

the high- and ultra-high sulphur keratin associated proteins (KAP). Therefore, under

conditions of increased cysteine supply, these animals produce more wool of lower

sulphur content than the low-producing sheep which fail to respond to increased

cysteine supply.This theory is currently being examined in our laboratory. Sheep

with high and low Estimated Breeding Values (EBVs) for wool-growing potential

have been selected and will soon be examined by Northern blot analysis for

differential expression of the high- and ultra-high sulphur KAPs. In addition to this,

wool sulphur content will be analysed along with the cysteine content of their plasma

when maintained on high and low planes of nutrition.

The wool follicle is richly vascularised by an extensive capillary network. The

lower portion of each follicle has a network of fine vessels that encircle the ORS

while the dermal papilla, at least in large follicles, also contains a dense network of

capillaries (Montagna, 1962). The absence of oASCT2 expression in the inner root

sheath (IRS) and outer root sheath (ORS) suggests that the network of capillaries

which encircle these cellular structures probably supply them with amino acids by an

unknown amino acid transport mechanism or by diffusion. However another possible

explanation, the keratogenous zone of the wool follicle where oASCT2 is expressed

and where the keratin proteins are synthesised may receive its supply of amino acids

from the capillary network within the dermal papilla. The localised expression of
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oASCT2 in the keratogenous zone suggests that it performs the function of supplying

amino acids for wool biosynthesis. Unfortunately, little is known about the network

of capillaries around each wool follicle nor of the mechanism used to extract amino

acids from the blood supply.

Further research should examine the fundamental biology of amino acid

supply and transport in sheep skin, because the current understanding of amimo acid

transport in the wool follicle is limited. The capillary network around the wool follicle

requires examination, so that the site which supplies amino acids and other nutrients

to the wool follicle can be identified. Knowledge regarding the site(s) of amino acid

uptake into the wool follicle will enable the mechanisms controlling amino acid

transport to be examined and perhaps manipulated. The expression of oASCT2

should also be investigated in the sheep intestine, to provide a better understanding of

the efficiency of amino acid absorption across the cells of the intestine. Considering

that the supply of cysteine is the rate-limiting step for wool production, a better

understanding of the oASCT2 transporter may enable the development of genetic

markers for the selection of sheep with enhanced amino acid transport in either the

intestine and/or the wool follicle. Alternatively, when the exact role and importance of

the oASTC2 transporter for wool production is known, transgenic sheep could be

created which overexpress the oASCT2 transporter. The cDNA could be placed under

the control of the K2.10 promoter (Powell et al., 1991) which has been used

previously to express transgenes in the sheep wool follicle cortex, within the

keratogenous zone (Bawden et aL.,1998), so as to enhance the transport of cysteine

during wool fibre biosynthesis. V/ith the advent of cloning by nuclear transfer a

knockout of oASCT2 gene function or alternatively an antisense strategy could be

performed in sheep to investigate its function and importance in wool biosynthesis.
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1.1 Buffers and Reagents

Solutions were prepared with Milli-Q water and sterilised by autoclaving. Heat labile

reagents were filter sterilised (0.2mm; Acrodisk).

Restriction/Modifying Enzyme Buffers

Super Dooper Buffer (lOx) :

330mM Tris-Acetate (pH 7.8), 625mM Potassium Acetate, 100mM Magnesium Acetate,

40mM Spermidine, 5mM Dithiothreitol

UlTma DNA pol]¡merase buffer (l0x) :

100mM Tris-HCl (pH 8.8), 100mM KCl,O.O2Vo Tween 29@ 1v/v)

eLONGase DNA polymerase buffer (5x) :

(A) 300mM Tris-SOa (pH 9.1), 90mM (NHa)2SOa, 5mM MgSOa

(B) 300mM Tris-SOa (pH 9.1), 90mM (NHa)2SOa, 10mM MgSOa

AmpliTaq DNA pol)¡merase buffer II (10x) :

500mM KCl, 100mM Tris-HCl (pH 8.3)

Klenow DNA pol)¡merase buffer (10x) :

500mM Tris-HCl (pH7.2),100mM MgSO4, lmM DTT

Pfu DNA polymerase buffer (lOx):

100mM KCl, 100mM (NHa)2SOa, 200mM Tris-HCl (pH 8.75), 20mM MgSO4,lVo

Triton X-100, lmg/ml BSA

T4 Pol)¡nucleotide Kinase buffer (PNK; 5x) :

500mM Tris-HCl (pH 8.0), 50mM MgCl2, 25mM DTT

T4 DNA ligase buffer (10x) :

300mM Tris-HCl (pH 7.8), 100mM MgCl2, 100mM DTT, 10mM ATP

Calf Intestinal Phosphatse buffer (CIP; 10x) :

500mM Tris-HCl (pH 9.3), 10mM MgCl2, lmM ZnCl2, 10mM spermidine
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General Buffers and Hybridisation Solutions

TE buffer:

10mM Tris-HCl pH8, 0.lM EDTA

20xSSC:

150mM Sodium chloride, 20mM Sodium citrate, lmM EDTA pH7.0

20 x SSPE :

150mM Sodium chloride, 20mM Sodium dihydrogenphosphate, lmM EDTApH7.4

DNA Elution Buffer :

500mM Ammonium acetate, 10mM Magnesium acetate,lmM EDTA,0.17o SDS

RNA Extraction Solution D :

4M Guanidinium thiocyanate, 25mM Sodium Citrate (pH7.0),0.57o Sarkosyl, 100mM

B-Mercaptoethanol

H)¡bridisation Solution :

5OVo (vlv) Formamide, l20mM Na2HPO4 Q.2),250mlv4 NaCl, 77o (w/v) SDS

RNA Protection

RNAP hybridisation solution (5x) :

200mM PIPES, 2M NaCl, 5mM EDTA

RNase digestion buffer (1x) :

300mM NaCl, 10mM Tris-HCl (pH 7.5), 5mM EDTA

Radioactive Íl ^Sirø H)¡bridisation

Hybridisation solution :

507o Formamide, IOTo P8G6000, 2x SSPE, 17o SDS, 0.57o skim milk powder,

lmg/ml yeast RNA, O.Smg/ml salmon sperm DNA

RNase digestion solution :

20 -100pg RNaseA, lpg/ml RNaseTl, 2xSSPE
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Non-radioactive In ^Sitz Hybridisation

Hybridisation Solution :

50VoFormamide, 5xSSC, 40¡tghtú salmon sperm DNA

Buffer 1 :

100mM Tris-HCl, 150mM NaCl, pH 7.5

Buffer 2 :

100mM Tris-HCl , pH9.5, 100mM NaCI, 50mM MgCl2

Xenoous Oocvte Studies

ND96 buffer :

96mM NaCl, 2mJ|i4 KCl, 1.8mM CaCl2,lmM MgCl2, 5rnM HEPES, ph7.5

Ooc]¡te Transport Buffer (OTB) :

100mM NaCl, 2mIùl{ KCl, lmM CaCI2,lmM MgCl2, lOrnM HEPES, 5mM Tris-HCl

p}l7.4

1.2 Bacterial Growth Media and Solutions

Luria Broth (LB) oer litre

10g NaCl, 10g Bacto-tryptone, 59 Bacto-yeast extract

For plates add 15g Agar to the LB before the solution is autoclaved.

SOC Media oer litre

0.5g NaCl, Bacto-tryptone 20g, Bacto-yeast extract 59, l0ml KCl (250mM)

Autoclave the above components, allow to cool to 60C, add 5ml fîlter sterilised MgCl2

(2M) and 20ml filter sterilised Glucose (1M).

Ampicillin

Stock solution (100mg/ml) made with MQ water, both LB media and plates

contained a final ampicillin concentration of 100pg/ml.

Glvcerol Stocks

Bacterial cultures were grown overnight at37C in a shaking water bath. A 500p1

volume of culture was mixed with 500p1 of SOVI glycerol and stored at -80"C.
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Transformation Buffer :

10mM PIPES, 55mM MnCl2, 15mM CaCl2,250mM KCl, pH6.7

Colonv Crackine Solution :

50mM NaOH, 5mM EDTA, 0.57o SDS, 0.5x Agarose Load Buffer

1.3 Electrophoresis Solutions

20xTAE:

800mM Tris-acetate, 20mM EDTA

20xTBE:

1.8M Tris-borate, 40mM EDTA

Formaldeh),de Running Buffer (FRB; 5x) :

100mM MOPS (pH 7.0), 40mM Sodium Acetate, 5mM EDTA

Agarose Load Buffer (10x) :

50Vo (vlv) Glycerol, 100mM EDTA, 0.I7o SDS,O.IVo Bromophenol Blue,

0.l%o Xylene Cyanol

Formamide Resuspension Buffer (1x) :

50ToFormamide (vlv),17.SVo Formaldehyde (viv), IOVo 5x FRB (v/v)

Formaldehyde Gel Load Buffer (FGLB; 10X) :

50Vo Glycerol (v/v), lmM EDTA (pH 8.0),0.25Vo Bromophenol blue, 0.25Vo Xylene

cyanol

Formamide Load Buffer (FLB; 2x) :

95VoFormamide (v/v), 20mM EDTA, 0.05Vo Bromophenol blue, 0.05Vo Xylene

cyanol

5Vo Acrylamide: 6% Acrylamide:

47.5gAcrylamide,2.5gBisacrylamide 5T.0gAcrylamide,3.0gBisacrylamide

The acrylamide solids were dissolved in 400m1 of MQ water, 4809 Urea is then

dissolved and the solution is stirred with 35g Amberlite for several hours. The solution is

filtered through No. I Whatman paper, 50 ml of 20 x TBE is added and volume made to

lL with MQ water.
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l9%o Acwlamide Stock :

1909 Acrylamide, 10g Bisacrylamide

The acrylamide solids were dissolved in 200mls of MQ water and stired with amberlite for

several hours, then filtered through Whatman No.1 filter paper and the volume made to

500nì1. The stock bottle was wrapped in alfoil and stored at room temperature.

197o Acrylamide Gel :

37.SmlAcrylamide stock, 31.5g Urea, 15.0 ml TBE (5x)

SDS Protein Polyacrylamide Gels

Laemlli Buffer (5x) :

125mM Tris,960mM Glycine,0.57o SDS (w/v)

Towbin Buffer (1x) :

25mM Tris, l92mM Glycine, 207oMethanol,0.1% SDS

Protein Load Buffer (PLB; 2x) :

lÙVo Glycerol (v/v), 2.57o SDS,25mM Tris-HCl (pH 8.3), 57o þ-Mercaptoethanol

Tris-buffered Saline (TBS) :

20mM Tris-HCl, 500mM NaCl, p}J7.5

Alkaline Phosphatase Buffer (lx) :

100mM Tris (pH 9.5), 100mM NaCl, 5mM MgCl2

Follicle Extraction Buffer (FEB) :

50mM Tris (pH 7.8), 2mM EDTA, 10mM 2-Mercaptoethanol, lmM PMSF



Appendix 1 t44
1.4 DNA, RNA and Protein Molecular Size Standards

The DNA markers were all purchased from Bresatec (SPP1 phage DNA - EcoRI,

pUCl9 DNA - HpaII, Hi/Lo Lambda DNA - EcoRVHindIII). The RNA (0.25-l0kb) and

protein markers (High MW & Low MW) were both purchased from Life Technologies.

SPPI-EcoRI DNA Markers

pUCl9-HpaII DNA Markers

0.24 - 9.5k8 RNA Markers

9.49
7.46
4.40
2.37
1.35
0.24

I
2
3
4
5
6

Size (kilobases)I'ragment Number

96
83
69
55
40
32
22
2T
t]
I6
13
11
8
5
4

8.51
7.35
6.11
4.84
3.59
2.81
1.95
1.86
1.51
L39
1.16
0.98
0.72
0.48
0.36

I
2
3
4
5
6
7
8
9
10
11
L2
13
t4
15

ngApprox Amount tKilobasesSize rFragment Number

93
9l
75
62
45
36
27
20
20
t2
6
6
5

501
489
404
33r
242
190
147
111
110
61
34
34
26

I
,)

3
4
5
6
7
8
9
10
11

t2
13

Approx Amount (ngSize (basepairs)ß'ragment Number
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Prestained Protein Molecular Weight Standards. High Range

Prestained Protein Molecular Weight Standards, Low Range

200
97.4
68
43
29

18.4

14.3

Myosin (H-chain)
Phosphorylase b

Bovin Serum Albumin
Ovalbumin

Carbonic Anhydrase

B-Lactoglobulin
Lysozyme

I
2
3
4
5
6

7

Size (kDa)Protein nameMarker Number

43
29

18.4

14.3
6.2

J

Ovalbumin
Carbonic Anhydrase

B-Lactoglobulin
Lysozyme

Bovine Trypsin Inhibitor
Insulin (a and B chains)

1

2
3

4
5
6

kDa)SizeProtein nameMarker Number

1.5 Histology Stains and Fixatives

Tissue Processing Program

T0ToEthanol

SOVo

95Vo

95Vo

Absolute Ethanol

Absolute Ethanol

HistoleneÆthanol (50: 50)

Histolene

Histolene

Wax (Paraplast)

Wax

thr

thr

3Omins

thr

2hrs

2hrs

thr

2hrs

2hrs

2hrs

2hrs = 16.5 hrs

l07oBuffered Formalin - 18L MilliQ water, 2L Formalin (AnalaR; BDH), 130g

NaHPO4, 80g NaH2POa.



Appendix 1 146

Preparation of sections for DIG In Situ

De-paraffinise sections in Histo-Clear

Hydrate sections in ethanol

2x5min

I007oethanol 1x2min

S0Voethanol lx2min

T0Voethanol lx2min

lx5min

1x5min

1x5min

1x 10min

1x15min

1x l0min

hybridisations

'Wash in DEPC treated water

Wash in DEPC treated PBS

Pepsin (O.lVo in 0.2M HCI) at 37'C

Post-fix sections in 47o Paraformaldehyde / PBS

Wash in0.I%o active DEPC / PBS

'Wash in 5x SSC

Post-hybridisation washes of DIG In Situ Hybridisations

Wash in 2x SSC RT

'Wash in 2x SSC 65"C

V/ash in 0.1x SSC 65'C

V/ash in Buffer 1 RT

Apply AntiDIG / Buffer 1 + BB RT

Wash in Buffer I RT

Wash in Buffer 2 RT

Apply the colour reaction lbuffer 2 RT / Dark

1x30min

1x1hr

lx1hr

lx5min

lx2hrs

2x15min

1x5min

30 min - 36 hrs
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The nucleotide sequence of ASCTI was obtained from the GenBankrMÆMBL

Data Bank using accession number LL4595.

]- CCCGCACTCT GCGCCTCTCC TCGCCTTTCT CGCACCTGCT CCTGCGCCAG

51 GCCCGGAGAC CCCCGGGGCG GCTTCCCAGA ACCTGCGGAG CACAACTGGC

101 CGACCGACCC ATTCATTGGG AÀCCCGTCTT TTGCCAGAGC CCACGTCCCC

151 TGCCACCTCT AGCTCGGAGC GGCGTGTAGC GCCATGGAGA AGAGCAACGA

2OI GACCAACGGC TACCTTGACA GCGCTCAGGC GGGGCCTGCG GCCGGGCCCG

25L GAGCTCCGGG GACCGCGGCG GGACGCGCAC GGCGTTGCGC GCGCTTCCTG

301. CGGCGCCÄAG CGCTGGTGCT GCTCACCGTG TCCGGGGTGC TGGCGGGCGC

351 GGGCCTGGGC GCGGCGTTGC GCGGGCTCAG CCTGAGCCGC ACGCAGGTCA

4OL CCTACCTGGC CTTCCCCGGC GAGÀTGCTGC TCCGCATGCT GCGCATGATC

451, ATCCTGCCGC TGGTGGTCTG CAGCCTGGTG TCGGGCGCCG CCTCGCTCGA

5O]- TGCCAGCTGC CTCGGGCGTC TGGGCGGCAT CCGTGTCGCC TACTTTGGCC

55]. TCACCACACT GAGTGCCTCG GCGCTCGCCG TGGCCTTGGC GTTCATCATC

601 AA,GCCAGGAT CCGGTGCGCA GACCCTTCAG TCCAGCGACC TGGGGCTGGA

651 GGACTCGGGG CCTCCTCCTG TCCCCAÀAGA GACGGTGGAC TCTTTCCTCG

]OL ACCTGGCCAG A.AACCTGTTT CCCTCCAÀTC TTGTGGTTGC AGCTTTCCGT

]5L ACGTATGCAÀ, CCGATTATAA AGTCGTGACC CAGAACAGCA GCTCTGGN\'\

801. TGTAACCCAT GAAAAGÀTCC CCATAGGCAC TGAGATAGAÀ GGGATGAACA

851. TTTTAGGATT GGTCCTGTTT GCTCTGGTGT TAGGAGTGGC CTTAJU\GA'U\

901 CTAGGCTCCG ÀAGGAGAAGA CCTCATCCGT TTCTTCÄÄ,TT CCCTCAÄCGA

951- GGCGACGATG GTGCTGGTGT CCTGGATTAT GTGGTACGTA CCTGTGGGCA

]-OO1- TCATGTTCCT TGTTGGAAGC AÄGATCGTGG A.AATGAA.A.GA CATCATCGTG

].051 CTGGTGACCA GCCTGGGGAÀ ATACATCTTC GCATCTATAT TGGGCCATGT

1101- TÀTTCATGGA GGAÄTTGTTC TGCCACTTAT TTATTTTGTT TTCACACGAA

].15]- AIU\,\CCCATT CAGATTCCTC CTGGGCCTCC TCGCCCCATT TGCGACAGCA

I2OL TTTGCTACCT GCTCCAGCTC AGCGACCCTT CCCTCTATGA TGAAGTGCAT

1.25T TGAAGAGAAC ÄATGGTGTGG ACAAGAGGAT CAGCAGGTTT ATTCTCCCCA

1-301 TCGGGGCCAC CGTGAACATG GACGGAGCAG CCATCTTCCA GTGTGTGGCC

147

1351- GCGGTGTTCA TTGCGCAACT CAACAACATA GAGCTCAACG CAGGACAGAT
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l_4 01

145 1

15 01_

1_5 5 1-

1-6 0 1_

l-6s1-

t7 0L

17 51_

1-801_

1_ 851

19 01

195r_

200L

205L

2L07

TTTCACCATT

TGCCAGCTGG

CTGCCTACTC

CCGGACCACC

TTCTCCACCA

GCTGAGGTGA

ATCGCCCCTG

CAGAACTGGA

TTGCCTGCCA

GACACAGGGC

CCCAGTCGCT

AGCCGGAÄCT

CATGTCCAGG

CCTTGAGCTG

TT

CTAGTGACTG

AGGGGTCCTC

ATGACCTGCC

ACGGTGGTGA

CCTGAATCAG

AAGTGGAAGC

GTGACACACC

ATCCAAGGAG

GCAGTGATGT

ACTGCCTTGC

GGCCTGAGGC

GGTTACCAAG

TGCAÀCTGTG

CCAGGCTCAA

CCACAGCGTC

ACCATTGCCA

TCTGATCCTG

ATGTGGAAGG

AAGGCAACAA

CATCCCCAAC

AGAACCCCGC

TCGGTTCTGT

CCCACCCTGT

CAACTTTTÀC

TTACCTCTCG

GACAAGGACA

TGTACACCAG

GA.AATCATGG

CAGTGTTGGA

TTATCCTGGÀ

GCTGTGGACT

GGATGCCCTG

AGA.AAGGCGA

TGCAAGTCTG

TGGCCCCGTG

GATGGGGCTG

TCACCCAGCC

CCTCCCAAGC

GCACTGGCAT

CTCTGACATT

GGATCTGTTT

Ä,CTCACAGGG

GCAGCAGGCG

GGCCATTGGG

GGATTGTGGA

GGTGCAGGCA

GCAGGA.A.CTT

AGGAGGAGAC

GCCAGTGCCC

GGCTTTGGGC

GCCAGTCATG

AATGCTTTGG

TGGGCTCCCC

CGGCTTGATC

GGAAÄ,CAÄ,CC

TCCTGTGTGG
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The nucleotide sequence of oASCT2 was obtained from both DNA strands. The

sequencing strategy involved creation of subclones from the ASC430 and ASC940 PCR

products by restriction endonuclease digestion. The fragments produced were re-ligated

into pBluescript-KS, then sequenced using the RSP and USP oligonucleotides which flank

the multiple cloning site of the plasmid vector. The remainder of oASCT2 was sequenced

using gene-specific primers which are shown below at their respective locations along with

an affow which indicates the direction sequence was generated.

CGACTCAGAGCCACGCGGCGCGCTCGGGAGGTTTGGTATAGGCTAGCAGCTGTTTAC TCC bU

CGGGGTCTTGGACCACCGCCTTCGGCATCCCGGGGCTCGAATCTCCCCTCTTGGGCCCAA ]-20

GAACCTGGCTCCCTTCTTCCCGGAGCTCCGTCTTCTGGCCCCAGACTCAGACTCCCCAGC 1-80

CCTCTGTTTCCAGGACCCCGCCAGTCGCCÀGGTTCCCGCCTCCCGGATCCAGGCGTCCCG 240

GACCTGAGCCACCAGGACCTAGCCTCTTGAÄ,GACCGCCGCCCCCCGGACGTC TTCAÄCCC

CYST1¡t r 2
300

TTCCGGAGCCGAGGACCCCAGGGTCCCACTTCGAGAAACTCCCGTATTCCTAACCCTACG 3 6O

CYST1rt r3
GTCAAGAACGCCAGCGCTCCCACCTCCCAGCTTTCAGCGCCGGGCACAGAC TGAGAACAG 420

AGGAACCCCAGCGCCCAGCCAAGGGACTCTCAÀACATTTCAGCTTCTAAGAGCCAAGGAA 480

C TTGAGCGCTGTGAACTCACAACTGCAAÀ,GAGTTCTTGAAAGTTCTGACC TCCGGACTCT

CYSTtrt r 1
540

GTT A,AAGTTTTAGGAACGCAGCGTCCTGAGAAGGAACCCCAAGCGCTCCCAGCTTGCAGG

SRÀCEuntrans sRÀCEcyst
ÀTG

CGC TAAGGAACCCCAGGGGCGTTCATCATGGTGGCCGATCCGCCTAAGGGAGACCCCA.AA

600

660

GGATACGCGGCGGCGGAACCCACCGCCAACGGTGTCTCGACGTTGGTCCCCATAGAGGAC 1 2O

vRcc
GTAGGCTCGGTAÀ.AAGGCGGCCGTTGCTGTTCCAGGGATCAGGTGCGTCGCTGCCTTCGC 780

5RÀCEupI)er
GCCAACCTGCTGGTGCTGCTGACGGTGGTGGCCGTGGTGGCCGGCGTGGCACTGGGCCTG

5RACEI ower
840

GGGGTCTCGGGAGCCGGCGGCGCGCTCGCCCTGGGCCCCGCGCGCCTAGAAGCCTTCTCC 9OO

KMII4O
TTTCCGGGAGAGCTGCTGCTCCGCCTGTTAAAGATGATCATCTTACCGCTGGTGGTGTGC

I.RI.I, 2 O _IJP IJV4 3 / T'PIuV * 2

Ì

960
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PIJVV
AGCCTGATCGGCGGCGCCGCCAGCCTGGATCCGAGCGCGC TCGGCCGCCTGGGCGCCTGG

GÀWA
WÀAIJ 12 O / ÀAIJF 2
GCGCTGCTCTTTTTCCTTGTCACCACACTGCTAGCGTCGGCGCTCGGCGTGGGCTTGGCG

1-020

1080

CTCGCGCTGCAGCCGGGCGCCGCCTTCGCCGCCATCAACACCTCGGTCGCGGCCATGGGC 1140

Splice5'#1
CCGGTGGAAGAGGCCCC CAC CAAGGAGGTGC TCGATTCGTTC C TGGATC TTGTGAGAÀA,T

FLDIJ I ELDI'#2
5 | ÀSCT-2

ATCTTCCCCTCCAACCTGGTGTCTGCAGCCTTCCGCTCATACACTACCTCC TATAAGGAG

ÀFRS330
Sp1ice5, #2
ATATTGTTCAACGGCAGCC CGGTGAAGGTGC CCAC CGGGGGCGAGGTTGAÀGGTATGAAC

NITJG
ATCCTGGGCCTGGTGGTGTTTGCCATCATCTTTGGCGTCGCCCTGCGGAAGTTGGGGCCC
.-3 ' AscT-2 S¡r1ice3, #2 

-¡ÀIJR4 

54 /vÀr.R2

GAGGGAGAGCTGC TCATTCGCTTCTTCAACTCCTTCAATGATGCCACCATGGTGCTGGTG

Splice3,#1

1,200

7260

L320

1380

L440

ilì[
J

TCCTGGATCATGTGGTACGCCCCTGTGGGCATCTTGTGCCTGGTGGCCGGCAAGATCGTG 1-5 O O

GAGÀTGGAGGACGTGGGGCTGCTCTTTGCCAGTCTCGGCAÄATACATCCTGTGCTGCCTG ]. 5 6 O

CTGGGCCACGCCATCCACGGGCTCCTGÀTACTGCCCCTCATCTACTTCCTCTTCGCCCGC 1.62 O

AÄGAACCCCTACCGCTTCCTGTGGGGAATCATGACGCCGCTGGCCACTGCCTTTGGGACC

GIMT
1_680

TCCTCCAGCTCCGCCACGCTGCCGCTGATGATGAAGTGTGTGGAGGAGAAGAATGGAGTG 1.7 40

GCCAGACACATCAGCCGCTTCATTCTGCCCATCGGTGCCACGGTCAACATGGACGGTGCC 18OO

cYsr9 12
GCGCTCTTCCAGTGTGTGGCTGCAGTGTTCATTGCACAGCTCAACCACAGGTCCTTGGAC t_860

TTCGTGÀAGATTATCACCATCCTGGTCACGGCCACAGCATCCAGTGTGGGTGCGGCGGGC L92O

ATCCCATCTGGAGCGGTGCTCACTCTGGCCATCATCCTCGAGGCGGTCAACCTGCCGGTT 1. 9 8 O

CYSTfwd
CACGACATCTCCTTGATCTCAGCCGTGGACTGGCTAGTGGACCGGTCCTGTACCATCCTC

CYSTrev
2040

A.ACGTGGAAGGTGACGCCTTTGGGGCAGGACTCCTCCAGAGTTACCTGGATCGCACAGAG 2!OO

CYSTpolyÀ
AÀÀ.A'GCÄÀCTCCGTGCCGGAGCTAATCCAGGTGAAGAGTGAAATGCCCCTGGCCGCGCTG 2L60

I
I

!

CCGGTCCCCAGCGAGGAGGGGAACCCTCTCCTCA.AAGGCTGCCCGGGACCTGCTGGGGAT 22 2 O
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GC TGACAC C TGTGAGAAGGAÀTCAGTCATGTGA.AATC C TGTAGAGACC TTCC C TGCGC CA
TGÀ,

2280

TGGGGTTGCTCTGGACATTGGAATCACGGGGGATGGATGAACGGACA.AÄ,CAAGGCCTTTT 2340

GGAGGGCCCTGACCACACACTCGGGAGCCATGGGCCTCAGCTTCCCTCCCTGACGTCÀGA 2 40 O

3 RÀCEa s enE e 2
TCGGGAGGCCTCGCTGCTGGGGTGTATGCTGCTTGAGTGTGAATGAGTGTGTGTGTGTGT

3 | RACEsense2
2460

GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGAGTGTGTGACTGTTTCCAAGTCTACCCAG 2520

GCCCCACCTAAGGCTAGGAÀACCATAGAAGATGGAGAGGGAACGTGGCCTCTÀCACCCCG 2580

TCCTGGCAGCCTGCCTGGCCTTCCTGTCTCAGGGCACAGGGCACCATGGGAAGTTCTGCT 2 6 4O

3tRÀCEaEenEe
CTC TGAGÀGCA.AGGATGTTCTGACAGGTTGC TGGCTC TTTTGC TGGTTATTTTGGTGGC T

3 | RACEgense
21 00

GTGGCTGTGTGTGTGTGTGTGTTCTGTGACCTCTCCACGGTACATCCCACCCTGTCCCCA 27 6O

GGCCCTCTGTCTCCTCCACAÀTAGCAAACACTCCTTGGGGA.A.ACTGAAGGGAGACTGCTA 2 8 2 O

ACÀCATTGCTGTTACTCTGAGGAGGTTTATAATAAÀ.ACTGTCCGGCTÀTCTTAÄAAAÀAA 2 8 8 O

A.AÀ.4ÀÄÀÀÀÄAA, 2892
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These analyses were performed using Genstat for Windows version 4.1

Sodium Dependence Studies: Two-way analysis of variance

Competitive Inhibition Studies: One-way analysis of variance

L-Alanine

L-Cysteine

***
**+

***

18.1

63.3

18.6

9.9

28925

I
1

1

34

37

Construct

Uptake buffer

Construct x Uptake buffer

Residual

Total

F probabilitySum of squares

(Vo of tohl)
Degrees of

freedom
Source of variation

*x*
***
x**

60

43

66751

5

r60

t65

Amino Acids

Residual

Total

F probabilitySum of squares
(7o of total)

Degrees of
freedom

Source of yariation

{<**

***
tt(*

86

t7

82349

5

118

t23

Amino Acids

Residual

Total

F probabilitySum of squares
(%o of total)

Degrees of
freedom

Source of variation
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