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ABSTRACT

Aclenosine is an endogenous neuromodulator that activates cell-surface adenosine

receptors to produce anti-inflammatory and anti-convulsant actions, neuroprotection, and

anti-rrociceptiorr. Although adenosine has classically been seen as a retaliatory

nletabolite that is most active during increased ATP consumption, there is evidence to

indicate that adenosine is also active in physiological conditions. Recent research has

also suggested that cellular signaling molecules, such as protein kinase C (PKC), may be

impoftant in the regulation of endogenous adenosine levels. Our laboratory has

previously shown PKC inhibition of the main adenosine-metabolizing enzyme in

physiological conditions, adenosine kinase (AK), which catalyzes the phosphorylation of

adeuosine to produce AMP. Because antibodies to human AK are not available, the

purpose of the current project was to create an easily isolated and identified recombinant

hurlan AK for use in studying the possible regulation of AK activity by PKC. PCR

prodtrced a human adenosine kinase short form (hAKS) cDNA, which was subsequently

inserted into a mammalian expression vector that added an Igr secretion signal to the N-

terminus of the recombinantprotein, which results in its secretion from the cell, and c-

tn.t'c and hexahistidine tags to the C-terminus of the protein, allowing it to be more easily

detected and purified. HEK 293 cells were transfected with the hAKS clone, and RT-

PCR, SDS-PAGE, and western analysis were performed to evaluate the success of

transf'ectiolr and expression of the recombinant protein. Sequence analysis of the hAKS

clone revealed three point mutations in the hAKS sequence. Cytosolic protein h'om non-

tt'anslected cells and media lrom transfected cells were evaluated for AK activity. The
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results indicate that although trausfection appeared to be successful, minimal AK activity

w¿rs r)resent in transfection sarnples. The diminished AK activity could be the result of

three poirrt rnutations in tlte recombinant AK sequence, or the presence of an N-temrinal

lgr< secretion signal and C-tenninal c-ntyc epitope and hexahistidine tag fused to the

pl'oteirt to ease isolation and identification. Future correction of the point mutations, or

clonirtg into a sirrrplifìed expression vectorwith fewertags may restore activity to the

recorlrbi nant protein, and/or provide information regarding the structure-activity

relationship of AK.
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I. INTRODUCTION

Adenosine is the purine nucleoside base of adenine triphosphate (ATP). It is a

ubiquitous molecule that is important in a number of cellular functions, such as RNA

synthesis and energy production, as well as receptor-mediated physiological effects.

Adenosine was first described in 1929 as a ubiquitous substance that could cause

bradycardia (Drury and Szent-Gyorgi, 1929). Since then, much has been learned of this

molecule's metabolic pathway, transport into and out of cells, and receptor signalling

pathways. The adenosine system has been a topic of therapeutic interest for decades, and

adenosine-based therapies have been investigated for ischaemia (Lasley RD, 1990;

Rudolphi eT al., 1992; Deckert and Gleiter, L994; Fredholm, 1997), epilepsy (Zhang et al.,

1993; Wiesner et al., 1999), schizophrenia (Ferre et al., 1994; Rimondini et al., 1997),

Parkinson's disease (Mally and Stone, 1996; Ongini and Fredholm, 1996; Svenningsson

et al.,1999), pain control (Sweeney et al., 1989; Cahill et al., 1995; Reeve and

Dickenson, 1995; Solleví,1997), asthma (Feoktistov and Biaggioni, 1995; Auchampach

et al., 1997), and inflammation (Cronstein, 1994). Currently adenosine is rarely used in

therapy, mainly being used for cardiac arrhythmias, but holds potential for the above

disorders, as well as others.

l.l Physiological Actions of Adenosine

Adenosine was originally recognized for its effects on the cardiovascular system,

namely its ability to produce bradycardia and affect blood flow (Drury and Szent-Gyorgi,

1929; Drury , 1936:, Berne, 1963). When it was established that it was involved in the
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regulation of blood flow to a number of tissues, including heart (Berne, 1980) and brain

(Latini and Pedata, 2001), adenosine was recognized as a ubiquitous biologically active

tlolecule tltat played art especially important role when energy demand exceeded energy

sLrpply. In the past three decades, adenosine has been discovered to have effects on

gastroilltestinal function, lipolysis, and immune response regulation, in addition to its

ef-fects on the cardiovascLrlar system (Fredholm et a1.,2001). Adenosine inhibits platelet

aggregation (Ledent et al., 1997), and has also been shown to prevent post-ischaemic

reperfitsion injury due to its anti-inflammatory and anti-thrombotic effects (Lasley RD,

1990; RLrdolphi et aI., 1992; Jordan et al., 1997). As well, adenosine may mediate rhe

release of allergic mediators from mast cells through its actions on adenosine receptors

(Rarrrkurrrar et al., 1993; Feoktistov and Biaggioni, 1995; Fozard et al., 1996;

Atrcltantpach et al., 1997), and can decrease free radical formation through its interaction

with adenosine receptors on neutrophils (Jordan et al., 1997). In the kidney, lack of

adenosine increases renin levels and tubuloglomerular feedback is inhibited (Brown et

al., 2001; Sun et al., 2001).

In addition to its peripheral effects, adenosine also plays a role in the central

rlervoLts system (CNS). It is termed a neuromodulator because it is not a neurotransmitter

atrd does not undergo synaptic release, yet it can enhance or inhibit the effects of

rleLlrotrallsnlitters (Latini and Pedata, 2001). Adenosine can accentuate endogenous anti-

ttociception (Sweeney et al., 1989, 1991) and act as an anti-convulsant (Zhang et al.,

I 99i; Wiesrter et al., I 999). It may inhibit motor stimulation to some extent, indicated by

the ability of the urethyixanthine caffeine, a non-selective adenosine receptor antagonist,

to stimulate nlotor activity. A role for adenosine in the sleep-wake cycle has also been
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established (Chagoya de Sanchez, 1995); adenosine levels increase with prolonged

wakefulness, and decrease during periods of sleep (Porkka-Heiskanen et al., 1991).

Finally, in times of cellular stress (ischaemia, for example), adenosine levels increase due

to A'f P consumption and inhibition of adenosine metabolism, and the increased

extracellular adenosine protects against neuronal damage resulting from excitotoxicity

(Scirubert et al., 1994).

1.2 Adenosine Pathways

The physiological actions of adenosine are mediated by cell-surface adenosine

receptors. Adenosine must, therefore, exist in the extracellular space in order to act on

these receptors, and so regulation of the amount of adenosine in the extracellular space

dictates tlre physiological actions of adenosine. There are established classical and

altentatitte cellular pathways of altering extracellular adenosine levels, as well as a novel

pathrvay proposed by our laboratory.

The classical view of extracellular adenosine regulation involves regarding

adenosine as a "retaliatory metabolite" produced from ATP breakdown in ATP-depleting

conditions (Newby, 1984). It is referred to as "retaliatory" due to the fact that adenosine

action on adenosine A¡ and Az receptors can depress cellular activity and increase blood

flow', leading to some preservation and./or replenishment of cellular ATP levels. The

clctssicctlscenario involves extracellular adenosine resulting from intracellular

metabolism of ATP to adenosine, subsequent release of adenosine from cells through

equilibrative nucleoside transporters, adenosine action on its receptors, adenosine
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rellptake into cells through nucleoside transporters, and finally, intracellular metabolism

of adenosine to replenish ATP stocks. The classÌcal pathway is shown in Figure 14.

The cir¿ssical pathway is widely accepted, but recent evidence has suggested that

tllis view of adenosine as a retaliatory metabolite may not be the only role of adenosine in

the body. Although adenosine may be important in neuroprotection during ischaemia and

seizures (ATP-depleting conditions), it has also been shown to be active in models

representing physiological conditions. The existence of excitatory adenosine A2¡

receptors on striatal and superior collicular neurons suggests that adenosine is not always

inhibitory (Cr-rnha et al., 1994; Kurokawa et al, 1996; Ishikawa et al., 1997). As well, the

adenosine receptor antagonist caffeine is a recognized stimulant, which suggests that

adenosine exerts a tonic inhibitory tone. Finally, studies have shown that adenine

ntrcleotides (ATP; cyclic-AMP or cAMP) can be released from cells and subsequently act

on their own receptors (purine P2 receptors) (Edwards and Gibb, 1993), or be

extracellularly metabolized to adenosine (Rosenberg et aL,1994; Dunwiddie et al., 1997),

which tlren acts on its own receptors. To account for the above findings, an alternate

scenario of the adenosine system has been developed in which adenine nucleotides are

released from the cell and metabolized in the interstitium to adenosine, which can then

activate cell-surface adenosine receptors. Adenosine can then be taken up by cells

through nLrcleoside transporters and subsequently be metabolized to adenine nucleotides,

inosirre, or S-adenosylhomocysteine. A schematic of the alternate pathway is shown in

Figure iB.

In addition to the established classical and alternate pathways, our laboratory has

proposed a novel pathway of adenosine production and action. The novel pathway we



5

propose is similar to the classical pathway in that it focuses on intracellular production of

adenosine, bLrt differs from the classical pathway in that it is relatively independent of

cellLrlar A'f P levels. Instead, this pathway involves the regulation of adenosine

nretabolisn'r and transport by signal transduction molecules. It is well-established that in

ischaemic heart, the signal transduction molecules protein kinase C (PKC) (Minamino et

al., 1995; Kitakaze et al., 1997; Node et al., 1997) and cyclic-GMP (cGMP) (Obata et al.,

1998) act to activate ecto-nucleotidase activity and thus increase extracellular adenosine

levels, whicli can contribute to ischaemic preconditioning. A study performed in our

laboratory suggested a similar but intracellular action of PKC on the adenosine metabolic

pathrvay (Sinclair et al., 2000). The results indicated that stimulation of PKC activity

with phorbol-12-myristate-13-acetate (PMA) can inhibit the activity of adenosine kinase

(AK), the enzyme responsible for producing AMP from adenosine. This inhibition of

AK activity resulted in increased intracellular adenosine levels, and thus increased

extracellular adenosine levels due to efflux through equilibrative nucleoside transporters.

As well, PKC stimulation has been shown to increase nucleoside uptake through the

hENTI equilibrative nucleoside transporter (Coe et aL.,2002), and it has been suggested

that PKC and protein kinase A (PKA) may play opposing roles in regulating ethanol

inhibition of adenosine transport (Coe et al., 1996). These f,rndings support anovel

pathrvay for adenosine action, in which cell signalling molecules, like PKC, can regulate

the activity olenzymes involved in adenosine metabolism, such as the 5'-nucleotidase

and adenosine kinase, as well as adenosine transport through equilibrative nucleoside

transporters. This novel pathway, outlined in
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FigLrre I C, may explain vrhy a number of receptor agonists and cellular signalling

nrolecules can induce or potentiate adenosine release.

1.3 Adenosine Receptors

Adenosine produces most of its physiological actions via cell surface receptors.

FoLrr distinct adenosine receptors have been characterized to date, including the

¿rdelrosilre AL A2R, A2s, ând AJ receptors. The adenosine A¡ and A2u receptors are well

characterized, while less is known about the Azu and A3 receptors.

1.3.1 Tlte Adenosine A, Receptor

The adenosine A¡ receptor was first cloned from canine tissues in 1989 (Libert et

al., 1989), and has since been cloned from a number of other species, including human

(Libert et aL.,1992; Townsend-Nicholson and Shine, 1992). The recombinant human Ar

receptor is a 36.7 lcDa protein consisting of 326 amino acid residues. The sequence is

lriglrly conserved (>90%) across species. When adenosine binds to the A¡ receptor, the

receptor couples to inhibitory G proteins (Gi/Go), which inhibit the activity of adenylate

cyclase and thus decrease cellular levels of the second messenger, cyclic adenosine

monophosphate (cAMP) (Fredholm, 1995). Activation of the Ar receptor also

increases K* and Cl- conductances, which decreases membrane potential, and thus

inhibits Ca2* uptake and subsequent neurotransmitter release (Fredholm, 1995).

The use olnon-selective and selective adenosine Al receptor agonists and

¿ìlltagollists lras revealed details regarding the distribution of Ar receptors. The presence

of receptor mRNA transcripts in various tissues has also been used to determine and



9

conlìrll distribution. In humans, the highest levels of A¡ receptors and mRNA are found

in brain (cortex, cerebellum, hippocampus), dorsal horn of the spinal cord, eye, adrenai

gland, arrd atria. Intennediate levels are found in other parts of the brain, skeletal muscle,

liver, kidney, adipose tissue, salivary glands, esophagus, colon, antrurn, and testis

(Fredltohtr et al., 2001). Based on the distribution data, as wellas functionaldata and

confìr'nration in knockout mice, it is believed that peripheral A¡ adenosine receptors

rlediate bradycardia, inhibition of lipolysis, reduced glomerular filtration, tubulo-

glotrerLtlar feedback, and ischaemic preconditioning (in the heart) (Fredholm et al.,

2001). Adenosine At receptors located in the brain mediate anti-nociception, reduction

of synrpathetic and parasympathetic activity, neuronal hyperpolarization (thus decreasing

neuroual fìring), presynaptic inhibition, and ischaemic preconditioning (Fredholm et al.,

200 1 ).

1.3.2 The Adenosine Arn Receptor

As with the adenosine A¡ receptor, the adenosine A2¡ receptor was initially

cloned lrorn canine tissues (Maenhaut et al., 1990), and has since been cloned from a

trttmber of other species, including human (Furlong et al., 1992; Peterfreund et al., 1996).

Tlre A:n receptor is the largest of the adenosine receptors aI -45 kDa and 410 amino

acids (Ongini and Fredholm, 1996). It too is highly conserved across species, with over

90% sequence identity across species. Agonism of the A2a receptor causes it to bind to

stimulatory G proteins (Gr), which in turn increase adenylate cyclase activity and thLrs

increase cAMP levels (Fredholm et al.,2001). As well, activation of the 424 receptor has

bcen slror,r,n to al'fect MAP kinase (Hirano et al.,1996; Sexl et al., 1997) and protein
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phosphatase activity (Revan et al., 1996; Svenningsson et aI.,2000), independent of

changes in cAMP levels.

Receptor protein and receptor mRNA distribution studies have revealed high

levels of the A2A receptor in the spleen, thymus, leukocytes (lymphocytes and

granLrlocytes), blood platelets, striatopallidal GABAergic neurons (caudate-putamerl,

nucleus accumbens, olfactory tubercle), and the olfactory bulb (Fredholm et al., 200i ).

Based on mRNA distribution alone, intermediate levels of the A2a receptor have been

l'oLrnd in the vasculature, heart, and lungs. Low levels of the A2¡ receptor in other brain

regions (hippocampus, cortex) have been conhrmed with mRNA and protein distribution

studies (Fredholm et al., 2001). The above distribution information suggests that tire A2a

receptor is responsible for inhibition of platelet aggregation, inhibition of

polynrorphonuclear leukocytes, immune function regulation, vasodilation, protection

against ischaernic damage, regulation of sensorimotor integtation in the basal ganglia,

and stimulation of sensory nerve activity (Fredholm et a1.,2001). These actions have

been corrfìt-nled in the A2a knockout mouse. As well, one type of Azn knockout mouse

has previously displayed anxious behaviour, high blood pressure, and lowered

exploratory and pain responses (Ledent et a1.,1997), although studies with other A2a

knockouts have not confirmed these findings (Chen et al., 1999; Chen et al., 2000). Such

chatrges in nrood, however, may partly explain the physiological effects of caffeine.

Finally, there is some evidence to suggest that adenosine Aze receptors are co-localized

rvitlt dopamine D2 receptors in the striatum (Johansson et al.,1997), which may have

irriplications lor the pathogenesis and therapy of Parkinson's disease or schizophrenia.
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1.3-3 The ¿ldettositte A ro Receptor

The aderrosine A2s receptor was first distinguished from the Azn receptor in 1972

basecl on diflering sensitivities to agonists that increase cellular oAMP levels (Huang et

ztl., 1972). The A2s receptor is a 36.4 kDa protein consisting of 332 amino acid residues

(Palrner and Stiles, 1995). Similar to the A2a receptor, the A2s receptor binds adenosine,

couples to C, proteins, and thus stimulates adenylate cyclase activity, increasing cellular

cAMP (Fredholm et al., 2001). However, the binding affinity of the A2s receptor for

¿rdenosine is much less than that of the A2a receptor. The A2s receptor has also been

suggested to couple to phospholipase C (Pilitsis and Kimelberg, 1998), ERK, and MAP

l<irrase (Feoktistov et al., 1999) pathways independent of effects on cAMP.

Regarding the distribution of the A2s receptor, its mRNA is ubiqr-ritous, with high

levels found in the gastrointestinal tract, and lower levels found in the lungs and the brain

(Fredholrrr et al., 2001). The receptor mRNA is ubiquitous in the CNS (Dixon et al.,

1996; Sebastiao and Ribeiro, 1996) and is localized on astrocytes (Pilitsis and Kimelberg,

1998). DLre to its relatively low binding affinity for adenosine, and its ubiquitous

distril¡Lrtion, it has been proposed that the Aze receptor plays little role in normal

physiological conditions. It may be partly responsible for the relaxation of vascular and

intestinal smooth rnuscle, inhibition of monocyte and macrophage function, and

stinrLrlation of,mast cell mediator release associated with adenosine in some species

(Fredholm et al., 2001). The A2s receptor is thought to be more important, however, in

¡rathologicaI conditions like ischaemia, when extracellular adenosine levels are elevated

ciLre to increased ATP consumption.
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1.3.4 The Adettosine A, Receptor

Adenosine Ai receptor mRNA was initially isolated from RT-PCR of rat testes

cDNA that used degenerate oligonucleotide primers directed toward conserved regions of

G-protein coupled receptors (Meyerhof et al., i991). Because the RT-PCR product was

rrrost sinrilar to adenosine A¡ and Azn receptors (>40% amino acid identity), the receptor

u,as designated a novel adenosine receptor, the A3 receptor. This receptor has been

cloned fi'orn lruman tissues and the cDNA encodes a 318 amino acid, 36.6 kDa protein

lPalnter and Stiles, 1995). The A3 receptor couples to G¡/Go proteins when it binds

adenosine, similar to the Al receptor, and thus inhibits adenylate cyclase activity and

decreases cellular cAMP levels (Abbracchio et al., 1995; Fredholm et al., 2001).

Activation of A3 receptors has also been reported to activate PLC (Abbracchio et al.,

t99s).

Although knowledge of A3 receptor distribution and function is still somewhat

linrited due to lack of effective pharmacological tools, mRNA studies indicate that in

nrost species it is expressed at an intermediate level in the pineal gland, and at low levels

in the thyroid, most regions of the brain, adrenal gland, liver, kidney, heart, and intestine

(Fredholrn et al., 2001). In the human, intermediate levels of A3 mRNA are found in

hippocampus and cerebellum, and low levels are found in the spleen and testis (Fredholm

et al., 2001). The low levels of this receptor in the human CNS are -10 - 30-fold lower

thart A¡ receptors in the coftex or A2a receptors in the striatum (von Lubitz, 1997). The

¡:hysiological function of the A3 receptor has not been well established, but it is widely

rccogttizecl as a regulator of immune function, enhancing mediator release from nrast

cclls(Linden, 1994; Fredholmetal.,200l). Itmayalsoplayaroleinpreconditioningin
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sorlle species (Fredholm et a1.,2001). Both of these functions have been confirmed in the

hrocl<oLtt nlollse (Salvatore et al., 2000). Due to their low affinity for adenosine, A_¡

receptors are thought to play a role in predominantly pathological conditions, such

ischaenria or seizures, when extracellular adenosine levels are increased.

1.3.5 Adenosine Receptors ønd CNS Therapy

Altlrough it is known to some extent which adenosine receptors mediate what

actions oladenosine, this knowledge has not been exploited therapeutically in the CNS.

Adenosille and adenosine receptor agonists and antagonists are limited by their blood

brain barrier permeability, and adenosine analogues are also limited by their actions in

the periphery, which can cause side effects such as lowered heart rate, blood pressure,

arrd bocly temperature (Guieu et al., 1996; Von Lubitz,1999). Due to these limitarions,

cun'eut therapeutic research has focused on increasing endogenous adenosine levels as a

llleans of adenosine receptor activation. This can be accomplished by reducing cellular

Ltptal<e o f adenosine either by inhibiting nucleoside transporters, or by inhibiting

aderrosilre ntetabolism. Both of these strategies can elevate extracellular adenosine

co nc en trat i o ns and potentiate adenosine' s receptor-mediated effects.
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TABLE 1. Summary of adenosine receptor subtypes

Table I sutnmarizes the G-protein and effector system, distribution, physiological

actiorls, arrcl selective agonists and antagonists for each of the adenosine receptor

sLrbtypes. Distribution was charactenzed based on mRNA data, protein data, and/or

activity data. Adapted from Fredholm et al (Fredholm et al., 2001).

rì. NECA, rvhich was originally thought to be a specifìc agonist of A, receptors, has since been found
ro have siurilar affìnity lor all receptor subtypes.

5. i\cL'nosine receptor snrdies were first performed using binding studies with weak non-selective
rntagorlists such as tlie methylxanthines, including caffeine and theophylline.

Iìecc ¡r to r
Sub t¡'pe

Al AìAzr Aze

G-¡rroteiu U.iUro Li Ci G/C
lì f f'cc to r
svs te tìì

cAMP; I*,i lc.,_ cAMP; MAP krnase;
protein phosphatase

CAMP; PLC; ERK; CAMP; PLC
MAP kinase

l)istribution Ltigh: correx'
celebellum,
hippocampus, dorsal
hor-n of spinal cord, eye,
adlenal gland, atria
! tt termetli1te: rest of
brain, skeletal muscle.
liver', kidney, adipose
tissue, salivary glands,
esophagus, colon,
alltlum, testes

High: sPrcen,

thymus, leukocytes,
platelets,
striatopallidal
GABAergic neurons,
olfactory bulb
Intermediate:
vasculature, heart,
lungs

¿ot '. rest of brain

Ubiquitous nRNA,
High: GI ttact

¿o.: lungs, brain

Intennediate.
pineal gland,
hippocarnpus,
cerebellurn

¿p.,,,: thyloid, r'est

of blain, liver.
kidney. healt,
spleen, adrenal
gland, intestine,
testis

l)ln,siological Periphery,: bradycardla, Periphery.' Relaxation of Regulãtor ol.-
Actions ischaenric vasodilation, vascular and immune function,

preconditioning in inhibition of platelet intestinal smooth ntediator release
heart, and inhibition of aggregation, muscle, inhibition from mast cells,
lipolysis, glomerular inhibition of of monocyte and preconditioning
ñltration, leukocytes, macrophage
hrbuloglomerular protection against function,
leedback ischaemic damage stimulatior-r of mast
¿-¡75: anti-nociception, 6¡95- protection cell mediator
decleased synrpathetic against ischaemic release
and parasympathetic damage, regulation of
activity, ¡reuronal sensorimotor
hyperpolarization integration in basal
presynapticinhibition, ganglia,sensory
ischaerric nerve activity
preconditioning

UUS ZIÓðU;
HE-NECA

Selective UPA; UHA
Agonists"

None Cl-llJ-MECA

Selective lJl'CPX; 6-cyclo- SCH 582ól; MRSI754; MRE 3008F20;
Antagonistsr' per.rtyltheophylline 2114241385 enprofylline DPCPX
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1.4 1-r'ansport Mechanisms Affecting Adenosine Levels

1.4.1 Trunsport of Adenine Nucleotides

Extracellular adenosine can increase via direct release of the nucleoside through

liLrclcosidc Lr¿ìllsponers, or via release of adenine nucleotides and subsequent extracellular

nletabolisllr of the adenine nucleotides to adenosine. Most evidence suggests ATP is the

aclenine nucleotide most often released from cells in physiological and pathological

circutnstances. In tlie CNS, ATP is packaged in vesicles and undergoes synaptic release

fì'onr neLrrons (Zirnmerrnann, 1997; Fields and Stevens,2000). ATP release from

¿Ìstrocytes and cerebral microvascular endothelial cells is poorly characterized, but may

involve increased intracellular Caz*, increased cell volume, and membrane perturbations

(Cotrina et al., 2000). Gap junction hemichannels (Cotrina et al., 2000) and ATP-binding

cassette (ABC) transporters (Zimmermann, 1996) have been hypothesized to play a role

in ATP release from astrocytes and microvascular endothelial cells, and a recent study

foLttrd that ATP was released from cultured astrocytes in granules, possibly in response to

a regtrlated secretory pathway (Coco el a1.,2003) . Once in the extracellular space, ATP

can act on cell-surface purinergic P2 receptors or be metabolized to adenosine, which can

then act on adenosine receptors. ATP and other adenine nucleotides are charged

nrolecules, due to the presence of the phosphate groups, and so metabolism to adenosine

is usually required for re-entry into cells.

1.4.2 Trunsport of Adenosine

NLrcleoside transporters are important in the regulation of extracellular adenosine

let,els in that they control adenosine release into and uptake from the extracellular space,



l6

lhus controlling the amount of adenosine available to act on cell-surface adenosine

receptors. Their ¡rrimary function, however, is nucleoside salvage for metabolic

processes, such as replication and transcription. Nucleoside transporters are carrier

proteirrs integral to the plasrnamembraneof cells (Cass et al., 1998). They are divided

into eqLrilibrative and concentrative families, and subdivided based on sensitivity to

inhibitors and/or selectivity of substrate. All of the nucleoside transporters, hor,vever, are

permeable to uridine (Cass et al., 1998).

1.4.2. I EqLrilibrative Nucleoside Transporters

Tlre equi librative nucleoside transporters are sodium-independent bi-directional

Lranspofters that, as their name suggests, transport nucleosides according to their

concentration gradients. These integral membrane proteins are 456 - 457 amino acids in

lengtlt, and -36 kDa in size (Cass et al., 1998). They possess eleven transmembrane

dotlains, as r,vell as a large extracellular loop between transmembrane domains 1 and 2,

and a large intracellular loop between transmembrane domains 6 and 7 (Cass et al.,

1998). Two distinct equilibrative transporters have been characterized and cloned from

rat and hunran tissues: ENTI (or es) and ENT2 (or ei).

The ENTI transporter is sometimes referred to as es @quilibrative-sensitive)

because it is inhibited by nanomolar concentrations of nitrobenzylthioinosine (NBTI)

(Pickard et al., 1973). As well, human ENTI can be inhibited by nanomolar

concentrations of dipyridamole, while rat ENTI requires micromolar concentrations;

dilazep is a potent inhibitor in all species studied except rat (Griff,rth and Jarvis, 1996;

Cass et al.. 1998). ENTI transports bothpurine and pyrimidine nucleosides, and the

hLttlan lomr has a K¡,¡ of 20 - 50 ¡rM for adenosine (Cass et al., 1998). ENTI is widely
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c'listributed and exists in manv fetal and most adult tissues. In the rat CNS, the nrRNA

transcript is broadly distributed, and NBTl-binding studies have shown high levels of

EN'll irr the striaturn, cortex, superior colliculus, substantia nigra, hypothalamus, choroid

plexus, and thalamic structures; very low levels are seen in the hippocampus, cerebellum,

and rvhite matter (Geiger and Nagy, 1990; Anderson et al., 1999b). ENTI is present in

neLrrorls, astrocytes, and endothelial cells (Cass et al., 1998).

The ENT2 transporter is differentiated from ENTI in that it has low sensitivity to

inhibition by NBT[, dipyridamole, dilazep, and propentofylline; micromolar

corrcerrtrations of each compound are needed to inhibit transport through ENT2. For this

reason, it rvas previously named ei (equilibrative-insensitive to NBTÐ (Cass et al., 1998).

ENT2 transports both purines and pyrimidines, like ENTI. Adenosine has a Kivr of 30 -

70 prM for transport by ENT2 (Griffith and Jarvis, 1996), but transport of guanosine by

ENT2 is 1O-fold lower than it is by ENT1 (Hammond, 1992; Ward et al., 2000), making

ENT2 nlore selective for adenosine. Uridine is transported with a Kv of 70 - 280 pM

(Grilfìth and Jarvis, 1996), which is similar to its Krr¡ for the ENTI transpofter. Less is

lctovvn aboLtt the distribution of ENT2, as selective inhibitors are not available for

binding studies. In human fetal and rat CNS preparations, ENT2 activity has been

demonstrated in neurons (synaptosomes) and astrocytes (Lee and Jarvis, 1988; Gu et al.,

1996). In rat brain, ENT2 mRNA is found predominantly in neurons in the hippocampus,

dentate gyrus, cerebellum, cerebral cortex, and striatum (Anderson et a1., 1999a). The

ENT2 ntRNA transcript is widely distributed in human and rat brain (Anderson et al.,

1999a), but regional differences in expression of the ENT2 protein are unknown.
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Co ucentrat ive nucl eoside transporters transport nuc leosides against their

concentration gradient in a sodium-dependent manner. Because adenosine concentrations

are higher within the ceil than they are in the extracellular space, an adenosine gradient

exists f'r-orl tlle cytosol to the extracellular space; concentrative nucleoside transporlers

rusLrally trausport adenosine against this gradient, into cells. In general, concentrative

llucleosicle traltsporters are 648 - 658 amino acid proteins consisting of l3 - l4

lratrsrlrcnrbratre domairrs (Cass et al., 1998). There are six functionally distinct sodium-

clepetrdent nucleoside transporters that are differentiated based on perrneant selectivity,

NBTI sensitivity, and sodium/nucleoside stoichiometry. However, little is known about

each transporter in terms of function and distribution.

The CNTI, or N2, transporter is one of three concentrative nucleoside

trarlspoÍers that have been cloned (Huang et al., 1994). It is sometimes referred to as cit

(cottcentrcLtitte, insensitive Ío NBTI, thymidine selective). The human CNTI clone is a

648 anrirro acid, T l kDa protein with an estimated l3 transmembrane domains (Huang et

al., 1994). CNTI is pyrimidine selective, but adenosine is also a penneant. Its Kn,' for

aderrosine is l5 - 26 pM, which is similar to its Ky for uridine (21 - 37 ¡-rM) (Cass et al.,

1998); however, adenosine permeability is poor compared to uridine, with respective

Vn.,,/l(¡4 ratios of 0.003 and 0.57 (Yao et a\.,1996). In human and rat, CNTI activity has

been denronstrated primarily in kidney and intestines (Griffith and Jarvis, 1996), in rat

lrrain. CNTI nrRNA is widely distributed (Anderson et al., 1996b).

The CNT2, or N I , transporter is the only characterized sodium-dependent

nLlcleosicle tratrsporter that prefers adenosine as a penneant (Cass et al., 1998). The
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hutrtarr CNT2 clone is a 658 amino acid protein containing 14 transrtrembrane domains,

¿ts r,r'ell as a nuurber of consensus sites for phosphorylation by protein kinases. CNT2

transports predorninantly purine nucleosides, including adenosine, guanosine, and

lorrrrycirr B (an analog of inosine). Thus, previously it was called cif (concentrotive,

insensitive to NBTI, formycin B selective). In vitro studies have indicated its Kn., for

adenosine is I - l4 ¡-tM (Griffith and Jarvis, 1996; Cass et al., 1998). CNT2 transports

¡rttrines into the cell unless the sodium gradient is disturbed (Borgland and Parkinson,

1997). [lt hurnan, CNT2 nIRNA is found in liver, kidney, intestine, heart, skeletal

tttt-tscle, pallcreas, placenta, lung, and brain (Griffith and Jarvis, 1996; Cass et al., 1998).

The third of the cloned sodium-dependent nucleoside transporters is CNT3, or N3

(Ritzel et al., 2001). It was previously called cib (concentrative, insensitive to NBTI,

þroudh, selective). CNT3 is permeable to both purines and pyrimidines. Distribution

sttrdies have shown the transporter to be present in leukemic blast cells, choroid plexus,

and intestine (Cass et al., 1998). Little else is known about this transporter.

The remaitring three sodium-dependent nucleoside transporters have not been

well characterized. N4 appears to be similar to CNTI, but it is inhibited by guanosine

(Griffith and Jarvis, 1996). It was originally isolated from renal brush border cells. N5

rvas isolated frorn human leukemic cells; it seems to transport guanosine selectively, and

is sensitive to inhibition by NBTI (Griffith and Jarvis, 1996). Finally, the N6 rransporrer

is quite sinrilar to N5 except it allows adenosine permeation (Griffith and Jarvis, 1996).

Futttre cloning of these last three sodium-dependent transporters will be needed in order

to establisll their individual roles.
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I .-5 ..\clenosi¡re N4etabolism

The intracellular and extracellular adenosine metabolic pathways dictate tile

¿ultoLnlt ol'adenosine available to cell-surface adenosine receptors. Adenosine is lorrled

arrd degraclecl intracellularly, and can then be released through nucleoside transporters

into the extracellular space. Extracellular dephosphorylation of adenine nucleotides by

a¡r ecto-ATPase and, subsequently, the ecto 5'-nucleotidase (eN), as well as the

cleanrination o1'adenosine by low levels of extracellular adenosine deaminase can also

in llucnce extracellular adenosine levels.

1.5.1 5'-Nttcleotidase

The nrajority of adenosine is formed from adenine nucleotides via

dephosphorylation by 5'-nucleotidase (EC 3.1.3.5). To date, three isoforms of this

erlzynle have been characterized: ecto 5'-nucleotidase (eN), cytosolic 5'-nucleotidase I

(cN-l), and cytosolic 5'-nucleotidase II (oN-II) (Zimmermann,1992). There is also some

data to suggest that soluble forms of eN exist in the cytosol; these are referred to eN-s

(Zintrrternrann, 1996). All of the above isoforms predominantly hydrolyse phosphate

groLtps fronr 5'-tnonophosphates, but are also capable of metabolizíng nucleotides (eg.

ADP, ATP) and complex nucleotides like NAD to varying extents (Zimmermann, 1996).

I .5. I . I Ecto 5'-Nucleotidase (eN)

The ecto-5'-nucleotidase (eN; EC 3.1.3.5) is responsible for the extracellular

clephospltorylation of AMP to adenosine and free phosphate. Dephosphorylation via eN

is zt tt'ausport-independent mechanism for increasing extracellular adenosine. This

nrecliallistrl has been well characterized, mostly in heart. A glycosylphosphatidylinositol
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at tlle C-tenrinus lceeps eN anchored in thecell membrane; cleavageof this nroiety

¡rlorluces a soluble fonl of eN (eN-s) found in cytosol, vesicles, and synaptic spaces

(Zinrnrenrrann, 1992, 1996). eN-s is responsible for approximately 30Yo of total 5'-

nLrcleotidase activity in CNS (Zimmermann, 1996). eN is present in most non-neuronal

cells in rat brain in vivo (Kreutzberg et al., 1978; Snyder et al., 1983), but only in

lii¡r¡rocarrpal neurons (Zirnmermann,1996,2000). In vitro data suggest, however, eN

presence irl astrocytic and neuronal cultures (Stefanovic et a1.,1976; Snyder et al., 1983;

ìVlegltji et al., 1989). In rat CNS, eN activity is highest in hippocampus and cerebellum,

and lor.ver iu cortex, basal ganglia, and superior colliculus (Zimmermann,1996,2000).

eN has a native molecular weight of 125 - 150 kDa (Zimmerrnann, I 992). The

enzyule consists of two identical subunits that are 62 - 74 kDa and 574 - 577 amino

acids each (Misumi et al., 1990a: Misumi et al., 1990b). The KH¿ of eN for AMP and

IMP is I - 50 ptM (Zimmerrnann, 1992). This enzyme requires zinc for activity, and is

inhibited by micromolar levels of ATP and ADP. Interestingly, eN is inhibited by

cotrcentrations of methylxanthines that antagonize adenosine receptors, which may

corlplicate the interpretation of the mechanism by which methylxanthines produce their

physiological eflects (Fredholm et al., 1978; Heyliger et al., i981). However, it has been

noted that inhibition of eN does not decrease extracellular adenosine signifrcantly, so

eN's contribution to rnethylxanthine effects may be minimal.

L5.1.2 Cytosolic 5'-Nucleotidase I (cN-I)

in addition to the ecto 5'-nucleotidase, there are two intracellular 5'-

nucleoticlases, cytosolic 5'-nucleotidase I and II (cN-I and cN-iI, respectively). The cN-l

iso[onr ¡rrelerentially metabolizes intracellular AMP, while the cN-ll isoform prefers
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intraccllLrlar IMP as a substrate (Zimmermann, 1992). The cN-l isoform is of more direct

rcler'¿ulce to intrace[]ular adenosine levels.

cN-l (EC 3.1.3.5) dephosphorylates AMP to produce adenosine and free

plrosplrate, with a Kv for AMP of 2-8 mM (Zimmermann,1992). Despite the belief that

cN-l is of primary relevance in adenosine formation, little is known about the lunction or

distribLrtion of this enzyme. it has been suggested that the rise in intracellular adenosine

let,els lollowing ATP depletion is due to increased activity of cN-l on AMP. The

adenosine produced can then be transported out of the cells in order to produce its

¡r lr ys i o I o gical effects through interaction with adenosine receptors.

Most researcl-r regarding cN-I has been performed on cN-I from cardiac tissues. It

u,as origirrally purihed frorn pigeon heart in i988 by Newby (Newby, 1988), and later

lì'onr rabbit (Yarnazaki et al., 1991), rodent (Skladanowski et al., 1996), canine (Darvish

and Metting, 1993), and human (oka et aL,1994 Skladanowski et a1.,1996; Hunsucker

et al., 2001 ) hearts. The isolated protein run on SDS-PAGE is 40 kDa, but the native

proteirr appears to be a -150 kDa tetramer (Skladanowski and Newby, 1990). Northern

hybridizatiorr of pigeon and human tissues has revealed high levels of cN-I mRNA in

carcliac tissues and skeletal muscle, low levels in total brain, and no detectable mRNA in

l<idr-rey, blood vessel, and liver (Sala-Newby et al., 1999; Hunsucker et a1.,2001). This

variable distribution further confuses the understanding of the role that cN-I plays in the

adenosine metabolic pathway.

cN-l has been cloned from pigeon heart (Sala-Newby et al., 1999) and human

heart (Hurtsucker et al., 2001). The human clone of cN-I is a 358 amino acid protein of

39.5 kDa. It has no sequence homology with eN or cN-lI. cN-l activity can be increased
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by liiglr conceutrations of intracellr,rlar ADP (>10 ¡rM) due to an increase in affinity lor

AMP, anci due to an increase in the Vn.,u* of the reaction (Itoh et al., 1986). This increase

in AMP al'finity allows AMP to be metabolized to adenosine at concentrations <l mM.

As rvell, lree magnesium is required for cN-I activity; at I mM, Mg2'' can increase cN-l

activity (\'anrazaki et al., 1991), while at l0 mM, Mg2* inhibits cN-l activity

(Slcladanorvski and Newby, 1990). Finally, the optimum pH range for cN-l is 6.8 - 7.8,

and belorv 6.8, activity of the isolated protein is completely abolished (Plagemann et al.,

1988; Skladanor,vski and Newby, 1990;Yamazaki et al., l99l; Darvish and Mening,

l 993 ).

Due to the lirnited distribution of cN-I, the role of cN-l in intracellular adenosine

production is unclear. Transfection of cells with the cloned cN-l produces adenosine

I'elease during ATP depletion (Sala-Newby et a1.,2000). As well, cellular levels of AMP,

ADP, and Mg2* are increased in hypoxic, ATP-depleting conditions, which would

iucrease tlie activity of cN-I, if present. To date, no selective cell-permeable cN-l

inhibitors are available to clarify the role of cN-I in intracellular adenosine production.

l. 5. 2 S-Adenosyllrcnrocysteine Hydrolase (SAHH)

Although dephosphorylation of adenine nucleotides by 5'-nucleotidases is the

predominant mechanism of adenosine formation, another enzyme exists that is capable of

¿rcletrosiue production. S-adenosylhomocysteine hydrolase (SAHH; EC 3.3.1.1) catalyzes

the reversible cleavage of S-adenosylhomocysteine into adenosine and homocysteine. In

Iteart, SAHH accounts for one third of adenosine production under nonnoxic conditions

and alnrost trone in hypoxic conditions (Lloyd et al., 1988; Deussen et al., i989), but in
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lhe brain, SAI-lH does trot seem to be important in adenosine production (Latirri and

Pedata. 2001). The reverse reaction, in which adenosine and homocysteine are combined

to create S-adenosylhomocysteine, is also catalyzed by SAHH, and seems to be preferred

b),tlre enzyn.ìe (Briske-Anderson and Duerre,1982; Doskeland and Ueland, 1982). This

r-everse reaction may be more relevant in that it plays a role in the regulation of heart

(Borst et a[., I 992),liver (Doskeland and Ueland, 1982), and kidney (Kloor et al., 1996)

acletrosine levels. [n the CNS, however, neither reaction appears to be important in

regulatirtg adenosine levels (Latini and Pedata, 2001). This is because although SAHH is

u'idely distribLrted in the CNS and its affinity for adenosine is comparable to that of the

nlain tletabolic enzyme, adenosine kinase, low intracellular levels of homocysteine lirlit

this rlethod of adenosine metabolism. This pathway could, however, be irnportant in

CNS conditions where homocysteine levels are elevated, such as alcoholism (Bleich et

al., 2000b; Bleich et al., 2000a) or vitamin B¡2 deficiency (Penix, 1998), in which case

adeuosine would be required by SAHH to form SAH.

1.5.3 Adettosíne Deaminase (ADA)

Adenosine is predominantly metabolized by adenosine deaminase and adenosine

Itinase. Adenosine deaminase (ADA; EC 3.5.4.4) catalyzes the irreversible deamination

of aclenosine (or deoxyadenosine), producing ammonia and inosine (or deoxyinosine).

There are a number of types of ADA, but the free nucleoside ADA is of most relevance

to adenosine levels.

Although ADA is ubiquitous in mammalian tissues, tissue ADA activity is quite

variable. I{igh ADA activity has been reported in thymus, spleen, and gastrointestinal
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tract; lorver activity is reported in kidney, lung, and CNS (van der Weyden and Kelley,

1976). Within the CNS, ADA activity is greatest in hypothalamus and olfactory bulb,

r.r'llile Ihe Ior.r'est activity is seen in hippocampus and striatum (Geiger and Nagy, 1986).

As u'ell. cellular distribution differences may exist, since astrocytic ADA activity is -10-

[olcl lrigher than neuronal ADA activity (Ceballos et a1.,1994).

Although ADA exists primarily as an intracellular enzyme, there is an

extracellular fonn, named ecto-ADA. This isoform has been documented in fibroblasts,

l¡lood, and endothelial cells (Franco et al., 1998). Most research has been performed i¡

i¡rrtrtu¡lc cclls, as ecto-ADA binds CD26 to maintain its extracellularorientation (Frarrco

et al., 1998; Cristalli et al., 2001). in the immune system it is thought to be important in

ce ll signalling and immune system development. It is unclear what function ecto-ADA

tlzry have in the CNS, but it may be involved in CNS development and neuronal activity

(tlrroLrgh effects on adenosine levels) (Franco et al., 1997). As well, ecto-ADA has been

le¡rorted to bind to and increase the affinity of adenosine A¡ receptors (Ciruela et al.,

1996: Saura et al., 1996; Saura et al., 1998).

There are two nrain cytosolic forms of the free-nucleoside ADA: ADA¡ and

ADAr. ADAr is the main active isoform, since ADA2 activity is only prevalent in human

serlrrrr artd plasttra (Cristalli e|a1.,2007). ADAr exists as either a 363 amino acid, 33 kDa

rlrollotlreric erlzytle, or a 280 kDa dimer-combining protein complex (Cristalli et al.,

2001 ). The ADA¡ isoform is a low-affinity, high-capacity enzyme with a Kvr for

adenosirre of -45 pM (Wiginton et al., 1981). As well, ADA activity is highest between

pH 7.0 and 7.4 (van der Weyden and Kelley, 1916). The activity of ADA is subjecr ro

errdogerrorLs irrhibition by its product, inosine (K¡:60 - 153 ¡rM), as well as
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lrvpoxarrtliine (l(¡ :410 ¡-rM) and guanosine (Ki : 190 pM) (Fox and I(elley, 1978;

Cente lles et al., 1988). Besides pH and inhibition by endogenous purines, ADA tacks

crrdogetrous I'egtLlation and is instead seen as a "housekeeping" enzynle. Because of their

re lative Kla values for adenosine, it has been hypothesized that in a cell possessing both

¿iclenosine lcinase and ADA activity, adenosine kinase activity will be of most relevance

irr plr1,5i6logical conditions, while ADA activity will be more relevant in

pathoplrysiological conditions in which adenosine levels are elevated. Therapeutically,

ADA inhibitors have been investigated to maintain elevated adenosine levels in ceftain

CNS patlrophysiological conditions, such as ischaemia (Phillis and O'Regan, 1989; Lin

rrrrd Phillis, 1992; Gidday et al., 1995) or seizure (Zhanget al., 1993), although none are

iu cLrrreut clinical use.

1.5.4 Adettosine Kinuse (AK)

Aclenosine kinase (AK; EC 2.7 .1.20) is the major metabolic enzyme for adenosine

in plrysiological conditions. AK cafalyzes the phosphorylation of adenosine (and related

lltrcleosides) to produce AMP (or related 5'-monophosphate nucleotides). This reaction

is irtt itrtporlant step irr replenishing ATP stocks in the cell, and is also important for

nretabolizing adenosine to control its cellular and extracellular levels.

AK has been shown to be a ubiquitous enzyme, occurring in all mammalian cell

types and tissues investigated, and in the majority of eukaryotic species studied. AK has

trot beetr detected in prokaryotes, which may be due to their ability to synthesize purines

tle not'o. Levels of AK vary depending on cell type and location. In rats, the highest

lei'els oiAI( rlRNA, protein, and activityhavebeen demonstrated in liver and kidney,
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\\,ith lo\ver levels in spleen, lung, brain, heart, and skeletal muscle (Sakowicz et al.,

2001 ). Irt RIresLrs rnonl<eys, AK activity was highest in liver, intermediate in kidney,

lung, zrnd erythrocytes, and low in brain, heart, and skeletal muscle (Krenitsky et al.,

1974\. [n hut'uarr autopsy samples, roughly equivalent levels of AK activity were seen in

liver, ltidney, pancreas, and brain cortex, and lower levels were seen in lung (Snyder and

Lul<ey, 1982). However, there is some discrepancy between AK activity and rnRNA

stuclies in human, which show low mRNA levels but high activity in brain, and

intenlediate nrRNA levels but low activity in skeletal muscle (Snyder and Lukey, 1982).

ln the rat CNS, the highest level of AK activity is in the olfactory bulb and cerebellunt,

and the lorvest activity was reported in the septum and posterior hypothalamus (Geiger et

al., 1997). There is no such AK activity data, unfortunately, for regions of the human

CNS

1.5.4. i Adenosine Kinase Structure

AI( lacks similarity in structure to other nucleoside kinases. The majority of

nucleoside kinases are dimers with subunits of 26 - 31 kDa which favour 2'-

deoxynttcleosides as substrates, and which contain the common kinase La,2, and 3a

nttcleotide-binding motiß (Spychala eT al.,1996). Cloning of AK has revealed it to be

clistinct ñ'onr other nucleoside kinases, as it lacks the "classical" ATP-binding motif (an

N-ternlinal P loop), acts as a monomer, and possesses a relative specificity for adenosine

¿rs a srrbstrate (Spychala et al., 1996; McNally et a1.,1997). It appears that AK shares

nlore sequence similarity with microbial ribokinases and fructokinases, and its overall X-

ra-v ct'ystal structure is similar to that of E. coli ribokinase (Matthews et al., 1998). Thus

AK belongs to the PfkB lamily of carbohydrate kinases.
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Clorring of the human AK gene revealed two distinct isolorms of the enzyme

ri'hicli diflèr only ztt the N-terminus of the proteins: the larger isoform possesses an extra

l(r anrino acids at its N-tenninus (McNally et al., 1997). Low sequence similarity exists

irr the 5' UTR and initial 5' coding region of the cDNAs, but the sequences are 100%o

iclentical follorving bases 105 and 113 of the short and long cDNA, respectively. It is

tlrotrglrt that the two isofonns of the enzyme are produced from two distinct mRNA

transcripts, which are a result of differential splicing of a common gene.

AK isolated from a number of species has been shown to be a monomer of 38 -
54 ltDa (Latini and Pedata, 2001). The human AK isoform a, or "hAK-shoft", is the lorm

ol'tlrc erlzyrl'ìe that appears most similar to the AK isolated and studied from most species

atrd tissues. hAl(-short is a 38.7 kDa protein consisting of 345 amino acids (Spychala et

al., 1996; McNally et al., 1997). The human AK isoform b, or "hAK-long", was onry

distirrguished as a separate form in 1997 following cloning studies by McNalley et ctl.

hAl(-long is an approximately 40.5 kDa protein that consists of 361 amino acids

(VicNally et aL,1997). Aside from the N-terminal difference, the two AK isofonns share

st rlrcl.Lil'al leatures.

-X-ray crystallography studies show the hAK-short protein is composed of alpha-

lielices and beta-sheets folded into a large domain and a small domain, with the active

site presetrt on the large domain and the smaller domain acting as a flap overtop of the

active site (Matthews et al., 1998). There is a binding site for the ribose moiety of

adetrosirre, which is similar to the ribose-binding site in E. coli ribokinase (Sigrell et al.,

I 998). A similar binding site for the ATP (or other NTP, or adenosine) exists, and is

sirrril¿rr to the ADP site of E. coli ribokinase. Finally, there is at least one magnesiurn-
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lrinclrng site Lretu,eert the aclenosine and ATP-binding sites of the enzyme (Matthervs et

al., 1998).

Ii_42 Adellosine Kinase Activitv

AI( is the predominant adenosine-metabolizing enzyme in physiological

conclitions, as basal cellular adenosine levels approximate the K¡a for AK. The reaction

catalyzed by AK (adenosine + MgATP ) AMP + Mg-ADP) has been documented ro

¡rroccecl in alt ot'dered bi-bi mechanism (Henderson etaI.,1972; Palella et al., 1980;

Rich¿rrcl et al., 1980; Rotllan and Miras Portugal, 1985; Hawkins and Bagnara, 1987;

MinroLuri et al., 1994; Spychala et al., 1996); MgATP2- binds f,rrst, allowing adenosine to

bincl to its site. ancl AMP and MgADP are subsequently released. A ping-pong bi-bi

mech¿rnisnl lras also been proposed (Chang et al., 1983), with the creation of a

phosphorylenzytÌre after the dissociation of MgADP, but there is no evidence to date to

support this I'rypothesis. As well, the positioning of adenosine and MgATP2- binding sites

so close to olle another would facilitate direct transfer of the phosphate group to

adenosine lrom MgATP2-, without the necessity of a phosphorylenzyme intermediate

(Matther.vs et al., 1998).

AI( is considered a high-affinity, low-capacity enzyme (as opposed to ADA,

u'hich is a lorv-affinity, high-capacity enzyme). AK has been reported to have a K¡a lor

adenositre rangir-rg from 0.2 - 20 pM, depending on species and tissue conditions (Chang

et al., 1980), although another study comparing recombinant AK with AK purihed from

hLrrlan heart, human lymphoblasts, and pig liver reported K¡a values of 40 - 75 nM

(Spvchala et al., 1 996). The Vn,,* of the reaction ranges from 0.3 r.o 2.2 ¡rmol/min/mg

proteirt (Miller and Adamczyk,1979; Chang et al., 1980). AK is also subject to substrate
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inhibitiorl (Palella et al.. i 980; Fisher and Newsholme, 1984); adenosine concentrations

of 2.5 ¡tM or Ittore (r.vlren adenosine's K¡a is 0.4 r-rM) inhibited enzyn'ìe activit\/ in human

l)lacerrta (Palella et al., 1980; Fisherand Newsholme, 1984). It is believed that in rhe

optirrral cotrcentration range, adenosine binds to the high affinity adenosine site and tlre

ATP of MgATP2-binds to the lower affinity adenosine site; at higher concentrations,

¿rdenosine birrds to both sites, thus preventing proper binding of the MgATp2- and

inlribiting the reaction (Geiger et a1.,1997; Matthews et al., 1998).

A nltmber of endogenous factors are capable of affecting AK activity, which may

erplairr the wide range of K¡a and V.u* values. Most important among these factors is

cellLrlar/cytosolic pH. Optirnal pH for AK activity is between 6.2 and,6.8, since rhe pK of'

the y-phosphate of ATP is 6.5, meaning that as pH decreases from physiological pH,

rlrot'e ATPr- is available to combine with Mg2* to create the MgATP2- needed to initiate

tlre ordered bi-bi reaction (Palella et al., 1980). As well, as pH decreases, so does the K¡a

olAI( for adenosine, and the capacity of adenosine for substrate inhibition of AK (Maj et

al., 2000). At pH 5 - 6, AK is active and seems to be resistant to inhibition by Mgt*,

ATP, or adenosine; if pH increases above 7.5, AK activity decreases rapidly.

In addition to pH, certain endogenous substances can alter AK activity. As

tllctltiorlecl, sLrffìcient free Mg2* and ATPa- are needed to form MgATP2- and thus initiate

thc rcaction. Tlie icleal ratio of Mg2*iATP is 0.5 - L If the ratio is greater than l, lree

Mg2* catr potently inhibit AK activity (Lindberg et al., 1967; Miller et al., 1979; Chang et

al., I 980; Palella et al., 1980). (This may occur in ATP-depleting conditions like hypoxia

alld ischaetrria.) As r,vell, pentavalent ions have been shown to be required for AK

activity iu a nurnber of species; inorganic phosphate has been shown to decrease the Kr,r
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and increase the K; of adenosine for AK, and to increase the Vn.,o. of the reaction if

abnornlally lrigh concentrations are present (Maj et aI.,2000, 2002). As mentioned

lbovc. cxcessive adenosine can produce substrate inhibition; AMP and MgADP can also

¡rroclucc prodLrct inhibition (Palella et al., 1980; Mimouni et al., 1994). AMP is a

contpetitive inhibitor of AK activity with a K¡ of 140 pM, and it is also a non-competitive

inlribitor u,ith a K¡ of 500 pM. ADP is a non-competitive inhibitor with a Kt of 11 - 500

¡ti\4. Finally, as detailed in section 1.2 (Adenosine Pathways), stimulation of the cellular

signallirrg molecule PKC by PMA inhibits the ability of AK to phosphorylate adenosine

(Sinclair et al., 2000), suggesting a role for endogenous regulation of AK activity vict cell

sr rtniìI I ing pathrvays.

lt is obvious lrom the number of endogenous factors controlling AK function that

the activity of this enzyme is complex and highly regulated. This could be due to the

nunlerous cellular roles of adenosine, from RNA synthesis and nucleotide production to

receptor activation leading to second messenger signalling. In some cell types, it has also

beetr shown that there is a seemingly futile cycling of adenosine to AMP to adenosine

zrgaitr, rvhich is controlled by AK and cN-I (Bontemps et al., 1983), as shown in Figure 2.

This coLrld be irtrportant in moment-to-moment regulation of adenosine levels. Because

of'this cycling, arrd also simplybecause AK controls adenosine levels in physiological

conclitions, inhibition of AK is being pursued for its therapeutic potential. Inhibition of

Al( coLrlcl quickly increase intracellular adenosine levels (assuming adenosine levels are

rtot already elevated), leading to increased release of adenosine via equilibrative

nucleoside tratrsporters into the extracellular space, where it could act on cell-surface

leccptors to produce benehcial actions. This will be discussed in the following section.
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FIGURE 2. Adenosine metabolism.
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A general schematic of the main players in the adenosine metabolic pathway is shown.

Aclenosine l<inase (AK) is thought to be the most important metabolic enzyme in basal

conditions, whereas adenosine deaminase (ADA) is thought to be more relevant in

cor-rditions in which adenosine levels are elevated, such as ischaemia. The cycle of AK

arld cN-l activities has been shown to be extremely active (in cardiac tissue), which may

¡trovide an endogenous mechanism for increasing adenosine levels quickly in times of

neecl. Abbreviations are as follows: AK, adenosine kinase; cN-I, cytosolic 5'-

llucleotidase; eN, ecto-5'-nucleotidase; ADA, adenosine deaminase; SAH, S-adenosyl-

honr ocystei ne; S A HH, S -adenosylhomocysteine hydrolase.
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1.6 'fherapeutic Potential of Adenosine

DLre to r,r,ide distributions of adenosine receptors, transporters, and related

tllct¿tbolic enzytrtes, adenosine is an attractive therapeutic target for a number of

conditiotts. Horvever, despite its therapeutic potential, the developnlent of adenosine-

re lated tlrerapies has been slow. Currently adenosine itself is sold as Adenocardl'"' 1i.u.¡

fòl' actrte treatn-ìent of paroxysmal supraventricular tachycardia, and as Adenoscan l'M

(i.v.) lor thallium cardiac imaging when evaluating coronary artery disease in patients

tnlable to exercise (Fredhohn et al., 2001). However, adenosine therapy has not yet been

applied to CNS pathologies in the clinical setting.

'lhe adenosine system is being investigated for a number of therapeutic

possibilities. OLrtside of the CNS, the majority of studies are investigating the adenosine

sYster'ìl fbt'use in cardiovascular conditions (ischaemia), asthma (inflammatory

compouent), and lyrnphorna. Within the CNS, the therapeutic potential of adenosine lies

in its role as a neuromodulator, neuroprotectant, anti-nociceptive, and anti-inflammatory

agent. Adenosi¡re therapy holds promise in areas such as ischaemia, epilepsy, pain

lll¿ìtlagenlent, and Parkinson's disease. Most CNS therapies are thus focussed on receptor

activation or inhibition with synthetic compounds or adenosine itself, subsequent to

tttcreasing extracellular adenosine levels. This can be accomplished through the use of

rccelltol' agortists and antagonists, inhibitors of nucleoside transport, or inhibitors of AK

and ADA metabolism of adenosine.

As well, a nulnber of established clinical agents whose mechanisms of action

vvere previoLrsly poorly understood are now being found to work partly, or entirely,

througlt the adenosine pathway. These agents include theophylline (used in asthma),
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r.ìrerhotrex¿'ìte (Crorrstein et al., 1995) and sulfasalazine (Gadangi et al., 1996) (anti-

inllanmlatories), dipyridarnole and dilazep (anti-thrombotic), morphine (Sr.veeney et al.,

It)89. Cahill et al.. 1995)(anti-nociception), nitric oxide donors (Fallahi et al., 1996;

Iloscnber_s, ct a1..2000), antipsychotics, caffeine, and ethanol (Dar, 1990). Thus, an

Lrrrclerstarrding of the adenosine system is important not only for the development of new

¿rclerrositre-based therapies, but also for understanding the mechanisms behind the

thelapeutic effects of compounds in current use.

1.6. I Adettosítte Receptor Tlterapy

The Ltse of adenositle receptor agonists and antagonists has been widely

irrvcstigated, but \/ery few compounds have progressed to clinical trials. In the 1970s,

adeltosille receptor agonists were investigated predominantly as antihypertensives

(Fredholrl et al., 2001), but currently such agonists and antagonists are being investigated

f'or a rvide range of therapies.

OLrtside of the CNS, agonists and antagonists of adenosine receptors are being

investigated for a variety of disorders. Adenosine A3 receptor agonists have been shown

to inhibit lyrlphonra cell proliferation; stimulation of A¡ and A3 receptors has also

lesLrlted in increased production of granulocyte-colony-stimulating factor, which is

cherloprotective (Fredholm et a1.,2001). In asthma, adenosine acting on A2s and A3

receptors Ilas been shown to induce bronchoconstriction due to the release of allergic

Ilccli¿rtors lt'om urast cells. The non-selective adenosine receptor antagonist,

theophylline, has been used as an anti-asthmatic agent, and although the mechanism of

actiorl is as oIyet unknown, it has been suggested that it may prodr-rce its effects through
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the blockade of adenosine receptors, since a related methylxanthine, enprofylline,

sclectivel,r' blocl<s the Azr; receptor at therapeutic concentrations (Fredholm et al., 2001).

Irr car-tliac ischaemia, 42,1 receptor activation by CGS 21680 has been shown to protect

tissues lionr repertisiorr injury by inhibiting neutrophil accumulation and thus reducing

irll-ìallnlatiorr, stinrulation of the A3 receptor may have similar effects. As well, the anti-

inl-larrrlatory effects of adenosine receptor agonism can produce ischaemic

preconditiorring, which can protect the heart from further ischaemic insult (Fredholm et

al., 2001). The anti-inflarnmatory agents methotrexate and sulfasalazine have been

shotvtr to produce their effects through elevation of extracellular adenosine levels and

sLtlrsecluent activation of A2 receptors on inflammatory cells (Cronstein et al., 1995;

Cadangi et al., 1996); the elevation of adenosine by these agents has been shown to

irrvoli,e thc dephosphorylation of adenine nucleotides by ecto-5'-nucleotidase (Morabito

et al., I 998). Finally, the Ar receptor agonist GR79236 is being investigated for insulin

resistance in type II diabetes mellitus (Heseltine et al., 1995), as well as primary

heaclache (Fredholm et al., 2001; Honey et al., 2002).

Within the CNS, adenosine agonists and antagonists have been investigated

widely for use in ischaemia, anti-nociception, epilepsy, Parkinson's disease, and

scltizophrenia, and rnay also have potential as anti-inflammatories in haemorrhage and

Iltrltiplc sclerosis. A¡ agonism in focal and global ischaemia models (rats, gerbils, lllice,

¡rigs) can clecrease mortality, neuronal loss (due to hyperpolarization of cells and

clect'eased release of excitatory amino acids), and behavioural dysfunction when the

agorrist is administered pre- or post-ischaemia (Bischofberger et al., 1997). The selective

agorrist adenosine amine congener (ADAC) has been shown to be particularly effective in
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this respect, as it reduces mortality and neuronal damage at a lower dose (75 - 100 pglkg)

th¿ul other A¡ agonists, and does not produce the usual cardiovascular side effects,

rtatlely bradycardia (Von Lubitz ef aI., 1996). Although Al receptor agonists seem to be

tnost itlportant in neuroprotection in cerebral ischaemia, agonism of the AzR, AzB, and A3

receptors IIay also have benefits in ischaemia. Stimulation of A2a and Aze receptors can

increase cerebral blood flow (due to vasodilation and inhibition of platelet activity), and

tlrLrs rrray ¡rrovide rleuroprotection (Rudolphi et a|.,1992); however, A2¡ receptor

agottisltr c¿ur also caltse excitatory actions, such as the potentiation of ischaemia-induced

glutarrrate and aspartate release (o'Regan et a1., 1992), which may nake this an

tundesirable therapeutic alternative. Stimulation of A2 receptors may also enhance re-

growth and differentiation of neurons post-ischaemia (Neary et al.,1996), and stimulation

of A2s receptors may also release neuroprotective substances from astrocytes, such as

interletrkin-6 (Schwaninger et aL.,1997\, which protects against glutamate toxicity and

stimulates differentiation, and possibly neuronal growth factor (NGF), neurotrophin-3,

arrd pleiotrophins (Neary et aI.,1996). Finally, A3 receptor stimulation may suppress

tlultoLtr necrosis factor alpha (TNFo) release from human macrophages (Sajjadi et al.,

1996) and cultured rat microglia (Schubert et al., 1997), suggesting a possible protective

role for Ar receptor stimulation in cerebral ischaemia, although this hypothesis is still

poorly understood.

Adenosine analogues have also been investigated for pain response modulation.

Both intrathecally- and systemically-administered adenosine analogues produce anti-

rrociception in tactile, pressure, and heat models of acute pain (Sollevi, 1997). The anti-

trociceptive effect is due to activation of the A¡, and not the 42, receptors present in the
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spinal corcl, since the A¡ agonist CPA was more effective in producing anti-nociception

tlran the A2a agonist CGS 21680 in a rat model (Reeve and Dickenson, 1995). As well,

ntctltylxanthines have been shown to decrease morphine- and B-endorphin-mediated anti-

ttociception, and opioid receptor activation releases adenosine, suggesting that adenosine

contribLttes to the anti-nociceptive effects of opioids (Sweeney et al., 1987). Finally, the

anti-inflarrrmatory eflects of A¡ receptor activation could also act to indirectly decrease

pain associated with the inflammatory response.

Aderrosine is a therapeutic target in epilepsy because during convulsions, neurons

Lrse ATP qLrickly, producing increased levels of endogenous adenosine, which then can

act as alr anti-convulsant. Enhancement of endogenous adenosine in rat prepiriform

cortex decreased susceptibility to seizures (Zhang et al., 1993), likely through Ar receptor

activatiolr, as At receptor agonists also inhibited seizures in mice (von Lubitz et a1.,1994)

and suppressed status epilepticus in rats, while A2 receptor activation produced no

anticotrvulsant effect (Young and Dragunow, 1994). However, A¡ receptor stimulation

caLlses seclation, which is a drawback when considering Ar receptor agonists as

thera¡reutic compounds. In addition to Ar receptor agonism, A3 receptor activation may

have anticonvulsant properties, as chronic IB-MECA protected mice against chemically-

induced seizures (von Lubitz et al., 1995).

In Parkinson's disease and schizophrenia, adenosine antagonists or agonists,

respectively, are attractive therapeutically based on the co-localization of adenosine A2a

receptors and dopamine D2 receptors in the striatum, as well as the known effects of

methylxanthines (narnely motor stimulation) (Fredholm et al., 2001). The co-localization

n'as clctenlined lollowing the realization in the mid-1970s that caffeine mimicked or
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l)otcntiateci the ¡lrotor eflects of dopamine receptor agonists (Fuxe and Ungersfedt,l974:

FLrxe et al.,IL)75; Fredholm and al., I976). Antagonism of Azn receptors in a primate

Ilrodel of Parkinson's disease was found to be synergistic with D2 receptor agonisn.r

(l(artda et al., 2000), and there has been no evidence to indicate that tolerance develops to

the tlotor-stimr-rlating effects of selective A2a antagonists (Fredholm et al., 2001).

Theopltylline has been shown to improve the anti-Parkinsonian effects of L-dopa (Mally

arrd Stolle, 1994), further supporting the use of adenosine antagonists in Parkinson's

dlsease therapy. In addition to the implications for Parkinson's disease, the co-

localization of A2a receptors and dopamine D2 receptors in the striatum suggest a role for

adertosine-based therapy in psychotic disorders like schizophrenia. Classical anti-

psychotic drugs (haloperidol, phenothiazines) produce their effects through antagonism

of doparnirle D2 receptors; chronic blockade of D2 receptors, usually in the dorsal

striatopallidal system, can lead to tardive dyskinesias (Ferre, 1994). Because D2

Ieceptors are co-localized with the Azn receptors predominantly in the ventral

striatopallidal systetn, A2a receptor agonists may be able to be used as anti-psychotics

rvithout prodLrcing extrapyramidal side effects like tardive dyskinesia.

Filrally, the role of adenosine agonism is being investigated for anti-inflammatory

el'fects in haemorrhage and multiple sclerosis (MS). Activation of striatal A2A receptors

rvith the selective agonist CGS 21680 in a rat model of intracerebral haemorrhage

resttlted in decreased TNFo mRNA expression, parenchymal neutrophil inf,rltration, and

cell death (Mayne et al., 2001). Adenosine levels and Ar receptor protein levels have

beerr shown to be significantly decreased in the plasma and peripheral blood mononuclear

cclls (PBMCs), respectively, taken from MS patients as compared to those taken from
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control slrlrjects (Mayne et al., 1999). As well, cytokines like TNFo and interleukin-6

(lL-ó) have been irnplicated in MS; At receptor activation by the selective agonist R-

pherrylisopropyl-adenosine (R-PIA) was shown to modulate TNFc¿ and IL-6 production

in PBMCs from control subjects and MS patients, respectively. The effects of R-PIA

ri'ere blocl<ed by the A¡ receptor antagonist DPCPX (Mayne et al., 1999). A subsequent

stLrcly indicated that Al receptor mRNA and protein expression were diminished in brain

and PBMCs lrom MS patients as compared to healthy controls and patients with other

rreLrrological diseases (Johnston et a1.,2001). Thus, adenosine may play a role in the

¡rathogenesis of MS via decreased A1 receptor levels and thus increased inflammation.

Despite the many potential therapeutic uses for adenosine receptor agonists and

antagonists, development of such compounds is subject to a number of limitations. For

CNS therapeutics, peripherally administered agonists and antagonists must be able to

cross the blood-brain barrier, which has been a major setback for a number of

compouncls. As well, Al receptor agonism is associated with hypothermia (Miller and

Hsu. 1992), rvhich has been suggested to be the true cause of adenosine-related neuronal

protectiotr in ischaemic models, and not more direct protective decreases in neuronal

activity brought on by At receptor agonism. Al receptor agonists have also been shown

to be neuroprotective upon acute administration, but neurotoxic with chronic

aclnrinistration (Jacobson et al., 1996). Finally, due to the widespread distribution of

adenositre receptors in the body, peripherally administered compounds for CNS disorders

c¿ìrl calrse side effects in the periphery, such as bradycardia and hypotension (Guieu et al.,

t996: Von Lubitz, 1999), and bronchoconstriction in asthmatics (Cushley et al., 1983),

clepending on which receptor subtypes are activated by the doses administered.
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1.6.2 REAL Therapeutic Agents

Although some selective adenosine receptor agonists and antagonists possess

therapetttic potential, current research is largely focused on regulators ofendogenous

aderrosine levels, or REAL agents (Geiger et al., 1997). This class of agents includes

nucleoside transport inhibitors, to prevent adenosine reuptake into cells, and inhibitors of

the metabolic enzynres AK and ADA, to decrease intracellular adenosine metabolism,

thLts increasirrg adenosine levels within cells, and subsequently increasing the amount of

adenosine released from cells. It is thought that REAL agents could increase

extracellular adenosine levels in a more tissue-specific manner, and thus decrease side

efÍbcts associated with adenosine receptor agonists and antagonists. For example, in the

case of cerebral ischaemia, an adenosine transport inhibitor could inhibit adenosine

uptake from the extracellular space into cells, thus prolonging the duration of increased

levels of adenosine and its action on adenosine receptors in the affected area. Because

adenositle levels should only be elevated in the ischaemic area, the inhibitor should have

little eflect on other areas of the body which possess normal physiological adenosine

concentrations.

1.6.2.1 Inhibition of Adenosine Transport

C urrently, the non-selective adenosine transport inhibitor, dipyridamol e

(Persantinett) it used clinically as an anti-thrombotic agent, since adenosine is able to

inhibit platelet aggregation via stimulation of A2a receptors. As well, the antiplatelet

(Darvicki et al., 1985, 1986) andvasodilating(Saito etal.,1982;zhangetal,, 1991)

effects of dilazep are thought to be due at least in part to adenosine uptake inhibition;

tranorllolar collcentrations of dilazep inhibit the ENTl transporter in most species, and
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nriclcntolar corlcentrations are able to inhibit the ENT2 transporter (Griffith and Jaryis,

199ó; Cassetal., 1998). AdenosinetransportinhibitorscouldalsobeusefulinCNS

conditions like cerebral ischaemia or seizure. Inhibition of adenosine transport has

potcrrtial to be tissue-specific, as it would potentiate adenosine levels that have been

I'aisecl dLre to decreased ATP synthesis and increased ATP consumption. As well, the

increased adenosine levels would act on all available receptor subtypes, depending on

their affìnity lor adenosine, which may be of some added benefit.

One REAL ager-rt that has been studied is propentofylline, which has been

demonstrated to be an inhibitor of adenosine uptake via three specific nucleoside

transpor-ter sr-rbtypes (ENT1, ENT2, CNT2) in cultured cells (Parkinson et al., 1993). It is

thor"rglit that it is through the inhibition of the above transporter subtypes that

propentofylline is able to increase endogenous extracellular adenosine levels (Andine et

al., 1990), and provide neuroprotection in a number of animal stroke models (Parkinson

et al., 1994). Propentofylline has also been shown to improve glucose utilization in

hurnan strol<e patients (Huber et al., 1993). In addition to its effects on transport,

ltowever, propentofylline can also block adenosine receptors at high concentrations,

inhibit cAMP phosphodiesterase, and increase the release of nerve growth factor in brain

(Parlcirrsorr er al., 1994). Therefore, it remains unclear as to whether the neuroprotective

eflècts of propentofylline are entirely due to its inhibition of adenosine transport.

Arrother REAL transport inhibitor that has been studied to some extent is

nitroberrzylthioinosine (NBTI), which selectively inhibits ENTl/es at nanomolar

cotrcetitrations (Cass et al., 1998). NBTI has been shown to decrease locomotor activity

and seizLtres in nrice, as well as decrease nociception (Geiger and Fyda, 1991). In cats,
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NBl-l \\/¿ìs ¿ìble to enhance the sleep-promoting effects of adenosine (Porkka-Heiskanen

t:t al., 1997), and in pig global ischaemia, NBTI injected directly into cerebral coÍex

ittrpt'oi,ed pelfirsion following an ischaemic insult (Gidday et al., 1996). However, NBTI

Itas poor solLrbility in aqueous solutions, and crosses the blood-brain barrier poorly,

despite its lipophilicity (Anderson et al.,1996a).

In adclition to the inhibition of adenosine transport, there is some evidence to

suggest that adenosine transport is affected in opioid-induced anti-nociception and

ethanol-inducecl nrotor incoordination. Morphine treatment of rats was found to cause

adeltosirre reìease lrom primary afferent nerve terminals in the dorsal horn of the spinal

cord (Su,eeney et al., 1989; Cahill et al., 1995); the release is believed to be mediated by

tlre nru and deìta opioid receptors (Cahill et al., 1995, 1996). The increase in

extracellLrlar adenosine may then act on adenosine Al receptors to enhance opioid-

induced anti-nociception. In 1984, Proctor and Dunwiddie hypothesized that the CNS

depressant effects of ethanol may be mediated by adenosine (Proctor and Dunwiddie,

1984). Since then, cross-tolerance between ethanol and adenosine has been noted in

brairr (Dar.et al., 1994), and ethanol has been observed to potentiate the effects of

adenosine by inhibiting its uptake (Nagy et al., 1990) and enhancing its release (Clark

and Dar, 1989). As well, intracerebellar microinfusion of the Ar receptor agonist CHA

u'as f-ouncl to accentuate ethanol-induced motor incoordination, and the antagonist

DPCPX u,as lound to antagonizethe motor effects of ethanol (Dar, 1996). The exact

mechanistl for ethanol's effects on extracellular adenosine levels is still somewhat

runclear, bLrt it appears to involve alteration of adenosine transpoft.
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CLrn'e ntlv there are few other widely studied adenosine transporl inhibitors.

'L'ansport inhibitors like propentofylline and NBTI hold significant therapeutic vah-re, if

the linritations of administration (solubility, blood-brain barrier perrneability) and

selecti vit1, are overcome.

1.6.2.2 Acierrosine Deaminase Inhibitors

An additional means of increasing endogenous adenosine ievels is through the use

ol' inhibitor-s of'adenosine metabolism as REAL agents. Inhibitors of ADA are thought to

be rriore rclevant irr pathophysiological conditions when adenosine concentrations can

reach the nricrourolar range, which approximates the Kv of ADA for adenosine (-45

¡-tM), tlrLrs nraking ADA the predominant metabolic enzyme in such conditions.

lnhibitors of AK are thought to have relevance in physiological conditions, because basal

aderrosine levels (20 -200 nM) are closer to the range of the Krr¡ of AK for adenosine (40

- 75 nM), making AK the predominant metabolic enzyme in normal physiological

conditions.

ADA inhibitors have been studied in the periphery for a number of conditions.

ADA inhibitors have been studied for their use in viral infection and some

lympltoprolilerative disorders (Cristalli et aI.,2001). They can potentiate antileukemic

¿rnd antivilal nucleosides, since ADA inhibitors prevent the deamination (and

inactivation) of such compounds. The ADA inhibitor deoxycoformycin (DCF) has been

Lrsecl clinically to treat hairy-cell leukemia (Klohs and Kraker,1992). ADA inhibitors

have recently been shown to attenuate myocardial ischaemic injury and improve recovery

of cotrtractility and metabolism post-ischaemia, since they enhance adenosine effects and
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l)rescr.vc ATP levels (Cristalli et a1.,2001). As well, inhibition of ecto-ADA may be

Lrselìtl in hypertensiotr, since adenosine acting on A2a receptors decreases blood pressure.

ADA inhibitor use in the CNS is currently under investigation for ischaemia,

ercessive rreuroexcitation, seizure activity, and pain control. Under normal physiological

co n cl i t i o n s. the co mmonly used ADA inhibitor erythro-9-(2-hydroxy-3 -nonyl )adenine

(EHNA) produced no effect on endogenous adenosine levels or neuronal activity (Pak et

al., 1994). Hor.vever, in ischaemic conditions, the ADA inhibitor deoxycoformycin

(DCF) inct'eased adenosine release and recovery of nucleotides (Phillis and O'Regan,

199ó), ancl r,vhen given before the ischaemic insult, DCF decreased neuronal damage in

gerbil models (Phillis and O'Regan, 1989). As well, when given after the ischaemic

insult, DCF decreased neuronal injury in newbom rats (Gidday et al., 1995). However, in

some rat and gerbil models of ischaemia, DCF was not shown to be neuroprotective

(Plrillis, 1990; Delaney et a1.,1993), and there is a surprising lack of effect of ADA

inlribitors in models of pain and seizure (Zhang et al., 1993; Geiger et al., 1997). EHNA

and DCF do not induce anti-nociception when administered alone and do not enhance

opioid-irrdLrced anti-nociception (Geiger et al., 1997). When administered with

exogenous adenosine, DCF was able to potentiate the anticonvulsant effects of adenosine,

but u'herr adurinistered alone, DCF showed little or no ability to protect against

bictrculline methiodide-induced seizures (Zhang et al., 1993).

1 .6.2.3 Adenosine Kinase Inhibitors

AK inhibitors appear to hold much more potential than ADA inhibitors in terms

of protection fronr insult in physiological conditions, since AK is the predominant

aclenosine-nrctabolizing enzyme in physiological conditions. AK inhibition is seen as a
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nteans of- irrcreasing adenosine levels in an event- and site-specific manner, thus

¡rroviclirrg the beneñcial effects of adenosine where they are needed, while rninimizing

lhc iutdesit'able side effects seen with systemically administered adenosine and adenosine

agortists. The tlost comrnon AK inhibitors are 5'-iodotubericidin (ltu) and 5'-amino-5'-

cleoryaclettosir-re (NH2dAdo), both of which are effective at nanomolar concentrations

(Geigeretal., 1997). MostAKinhibitorscurrentlybeinginvestigatedareanaloguesof

tlrese ttvo colnpounds with similar potency to the parent compounds, but with increased

bioar"ailability and cellular permeability, as well as a decreased likelihood of being

nretabolized by AK or other enzymes (Kowaluk et al., 1998).

AI( inhibition has been investigated in inflammation, pain rnodulation, seizure

activity, and ischaemia. AK inhibitors have been proven to reduce inflammation in vivo

(l(ou'alLrl< et al., 1998; Kowaluk and Jarvis, 2000). These REAL agents have also been

rcported to produce analgesia in vivo when administered peripherally or spinally.

Illtrathecal NHzdAdo was shown to enhance opioid-induced anti-nociception in mice

(Keil and Delander, 1992). In general, AK inhibitors have been effective in treating

acLtle nocice¡ttive pain, chemically-induced pain, and neuropathic pain; these anti-

ttociceptive effects were able to be blocked by adenosine receptor antagonists like

tlieophylline, indicating elevated endogenous adenosine was the mechanism by which the

¿urti-nociception was produced (Kowaluk et al., 1998; Kowaluk and Jarvis, 2000).

AK inhibitors are also being investigated for the treatment of seizures, and to

pre\/ent danrage resulting from ischaemia. Because adenosine has been shown to be

nettt'oprotective in cases of ischaemic and seizure-induced damage, it is clear why REAL

asùnts like AI( inhibitors are being pursued therapeutically. Injection of ltu into the rat
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l)r.cpcrilbrnr ccrtex ¡rrotected against damage caused by bicuculline rnethiodide-induced

seizr.tt'es; systenrically administered 5'-deoxyiodotubericidin (dltu) protected against

perrtylenetetrazol-induced seizures (Zhang et al., 1993). Centrally-acting adenosine

r-eceptor-¿ìntagoltists were able to block the neuroprotective effects of AK inhibitors in

tlris arrcl other studies (Zhang et al., 1993; Wiesner et al.,1999; Ugarkar et al., 2000b;

Ugarl<ar et al., 2000a). In the case of ischaemia, AK inhibitors would perhaps not be

thoLrght to be neuroprotective, since the increased endogenous adenosine levels resulting

llr.¡nr irrcreased ATP consumption and decreased ATP synthesis should inhibit AK by

substrate inhibition. ADA metabolism would be hypothesized to be more important in

strch corlditions. However, AK inhibitors have been shown to decrease neuronal infarct

size, and tteurological deficits following ischaemic insults, in a number of cerebral

ischaerrria nrodels (Miller et al., L996; Tatlisumak et al., 1998). For example, systemic

dltu protected rats against damage caused by transient focal ischaemia (Jiang et al.,

1991). It is still unclear why AK inhibition is effective in ischaemia models, but the

success of these REAL agents has led to their being investigated in clinical trials.

Finally, there is evidence to indicate that the effects of nitric oxide donors on the nervous

systerl.ì are caused by nitric oxide-induced adenosine release (Fallahi et al., 199ó), and it

has been sLrggested that this release of adenosine is a result of adenosine kinase inhibition

(Roserrberg et al., 2000). Nitric oxide-induced increases in extracellular adenosine levels

nray be important in the regulation of behavioural states.

Due to the extensive therapeutic potential of adenosine and adenosine analogues,

it is inrportant to first elucidate the metabolic and cellularpathways and systems that
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go\/cr-rì en(logenoLrs adenosine levels. This infonnation can then be used to develop

tltclat¡re Lrtically-relevant adenosine receptor agonists and antagonists, as well as REAL

agerlts. SLrcli inlornration is necessary for developing adenosine-based CNS therapy in

particular', as felv compounds to date are able to cross the blood-brain barrier and produce

thc clesirable eflects in the CNS.
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2. OIìJEC'I-I\/E

The purpose of this project was to create a recombinant human adenosine kinase

isolornr a (hAK-short; IiAKS) for future use in adenosine metabolic pathway str-rdies. A

recotll.rinatit hAKS would especially assist the study of the metabolic regulation of

endogenous adenosine levels by cellular signalling molecules Iike PKC.
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3. 1VIATERIALS AND METHODS

3.1 Creation of'the pSecTag2 B/AKS Vector

All I¡aterials rvere pLrrchased from Invitrogen/Gibco Life Technologies

( Burlirrgtorr, Ontario) unless otherwise noted.

3.t.r PCR

PCR was performed in a 100 pL reaction containing 100 ng template (the

Itrvitrogen GeneStonn@ pcDNA3.1/GS ADK vector), 400 nM primers (University of

calgary DN¿\ Services, calgary, Alberta),200 ¡rM dNTPs,4 mM MgSoa, Thermopol

Reaction BLrfler (New England Biolabs, Pickering, ontario), and t U Deep ventn& DNA

Polytuerase (New England Biolabs). Deep Vent*@ DNA Polymerase is a themtostable

DNA polyrlrerase isolated from Pyrococcus sp. GB-D which possesses a 3'-5'

exortuclease ability, resulting in higher fidelity synthesis of cDNA(Cariello et al., 1991).

A high fidelity enzyme was chosen due to the size of the desired PCR product (-l Kb),

u,hich could be prone to mismatches with a non-proofreading enzyme.

PCR cyclirlg was performed using a Perkin Elmer DNA Thermal Cycler (Perkin

Elmer, woodbridge, ontario). Following initial denaturation (94oc, 3 min),

arlpliflrcation was performed for 25 cycles consisting of denaturation (94oC, 30 s) and a

contbinecl annealirtg and elongation step (68oC,3 min). A final elongation step of 68oC

fbr 7 nrin il,as done to ensure completion of cDNA products. The primer sequences used

lor arrrplification of the coding region of the short form of AK were: 5'-CCCAAGCTT

ACGTCAGTCAGAGAAAATATTC-3' (forward, with a Hind III restriction site at 5'
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erlcl ) arrcl 5, -CCG C TC GAGTGT GGAAGTCTGGCTTCTCAG-3' (reverse, with Xho I

t'estriction site at 5' end). The target sequence for AKS in the pcDNA3.l/GS vector was

1037 bp

Proclucts were analyzedby lo/o agarose gel electrophoresis. Gels contained

cthiditrnr brorricle and were visualized and photographed under UV light.

3.1.2 Zero Blunt@ TOPO@ Cloning of AKS PCR Product

The AKS PCR product was cloned into the Invitrogen pCR@-Blunt II-TOPO@

vector (see Appendix for vector map) using the Zero Blunt@ TOPO@ PCR Cloning kit, in

order to el.ìsure the production of overhanging ends on the AKS cDNA for subsequent

ligation into pSecTag2B expression vector. The pCR@-Blunt II-TOPO@vector is pre-

linear-iz-ed and topoisomerase-activated to shorten ligation time and to improve cloning

el'fìciency.

A ó ¡-tL TOPO cloning reaction containing 3 pL PCR product, 10 ng pCR@-Blunt

ll-TOPOo vector, 240 mM NaCl, 12 mM MgCl2, l0o/o glycerol, 10 mM Tris-HCI (pH

7 .4),0.2 nrM EDTA, 0.2 mM DTT,0.02o/o Triton X-I00, 20 p,g/mL BSA, and phenol

red, r.vas incubated for 10 min at room temperafure. The reaction was then added to 100

¡tl- Orre Shot Escl¡¿richia coli and incubated on ice for 15 min. Cells were heat-shocked

at 42"C for i0 s, and then 250 ¡iL of SOC medium was added on ice. Cells were allowed

[o recover at 37"C for one hour with shaking at225 rpm. All shaking was performed at

225 rprl. utrless otherwise noted. Transformants were selected by plating on Luria-

Bertani (LB) agar containing 50 pglml kanamycin and overnight incubation at 37oC.

Colonies present on the plates the following day are expected to contain vector with AKS



5l

inset't, as the pCR@-Blunt II-TOPO@ vector without an insert contains an undisturbed

lethal E. coli lacZu-ccrlB fusion gene which codes for the toxic topoisomerase poison,

CcclB.

Translormants were grown ovemight at37oC in LB broth containing 100 pglml

ertt¡ricilli¡l r,vrth shaking. The following day, plasmid DNA was isolated using the Gibco

Concert" Rapid Plasmid Miniprep System. Briefly, bacteria were pelleted by

centrilugation for 2 min at 16 000 x g in an Eppendorf Centrifuge 5415C microcentrifuge

(Brinkmann Instruments Incorporated, Mississauga, Ontario) and resuspended in cell

srrs¡rension buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 20 mglmL RNase A). Cell

l1,sis solrLtion (200 mM NaOH, 1% SDS (w/v)) was added, incubated at room

tetÌlperature for 5 min, and then a neutralization solution (acetate and guanidine HCI) was

acldecl. The rnixture was centrifuged at 16 000 x g for 10 min and supernatent was poured

into spirr cartridges. The spin cartridge apparatus was centrifuged at 16 000 x g for I

tlrin, flow-through was discarded, and the cartridge was washed with wash buffer

(proprietary solution of NaCl, EDTA, and Tris-HCl, pH 8.0). Plasmid DNA was eluted

with rE buffer (10 rnM Tris-HCl, pH 8.0,0.1 mM EDTA) and stored at 4oC until

restriction endonuclease digestion.

Plasmid DNA was digested at 37oC for 90 - 150 min with Hind III and Xho I (1

U eaclt) or EcoR I (2 U) in 20 pL reactions in order to evaluate PCR success and TOPO

Clorring. Restriction digests were run on lo/o agarose gels containing ethidium bromide

and then r,isualized and photographed using UV trans-illuminescence.
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3.1.3 Clotting of AKS into tlte Invitrogen pSecTag2 B Vector

The pSecTag2B vector was purchased from Invitrogen. The vector features

. l\lZeocin ""' and ampicillin resistance, an Igrc leader sequence (translated onto the N-

tet-nrinr-ts of the recombinant protein), a region containing a variety of restriction sites lor

insertion of clesired gene sequence, a c-myc coding region (translated onto the C-terminus

of tlic reconrbinant protein), a polyhistidine coding sequence (translated onto the C-

tern.rinus of the recombinant protein), andTT promoter and BGH reverse priming

seqLretlces, which were used for sequencing the vector. The Appendix contains a map of

the pSecTag2 vector, as well as the sequence of the pSecTag2 B vector specihcally,

around the area for insertion of the PCR product. PCR primers for AKS had mLrtated

stan ancl stop codons in order to allow the Igr leader sequence, c-ntyc epitope, and

polyhistidir'ìe tag to be translated as part of the recombinant protein.

The pSecTag2 B vector was digested with Hind III and Xho I (1 U each) for 120

rlin irr order to produce overhangs for ligation of the AKS insert into the vector. The

pSecTag2 B plasmid was then dephosphorylated with 1 U calf intestinal phosphatase

(CIP) at 37oC for 60 min prior to ligation with the insert.

The AKS gene sequence was removed from the pCR@-Blunt II-TOPO@ vector by

I'estriction endonuclease digestion with Hind III and Xho I (l U each) for 90 min. This

procltrcecl the overhang ends for ligation into pSecTag}B. The AKS insert was gel-

purified on a 1%o agarose gel and incubated with the digested, dephosphorylated

¡rSecTag2 B at l4"C in the presence of T4 DNA ligase (1 U) overnight at ratios of l:1

and 1.2 (r,ector:insert). Chemically competent DH5a E. coli were then transfonned with

tlre ligation urixtures for 30 min on ice, followed by a 45 s heat-shock at 42oC, and 2 min
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or.ì ice. LB broth was added and cultures vvere allowed to recover for I hour at 37oC with

slraking. Translormants were selected by plating on LB agar containing 100 ¡t"glmL

anrpicillin incLrbated at 37oC overnight.

The loilowing day, LB broth containing 100 pglmi. ampicillin was inoculared

rvith se Iected transflolnants, and cultures were grown overnight at 37oC with shaking.

-l-he 
Irext clay, plasrnid DNA was isolated using the Gibco Conceft@ Rapid Plasmid

Miniprep Systern as previously described. Restriction endonuclease digestions with

either Hind III and Xho I (1 U each, 90 min), or EcoR I and Bgl II (1 U each, 150 min),

u'e re perlormed on the plasmid DNA to determine proper insertion of the AKS cDNA.

Restriction digests were run on l%o agarose gels containing ethidium bromide and were

visLralized and photographed with UV trans-illumination.

Iu order to produce enough plasmid DNA for sequencing and subsequent

tratrslèction, 500 mL of LB broth was inoculated with pSecTag2 B/AKS transfomrants

and u,as growll ovemight af 37oC with shaking. The bacteria were then pelleted in a

Sorvallû)RC-58 Refrigerated Superspeed Centrifuge for 15 min at 4300 x g and 4oC

(Kendro, Asheville, NC). Plasmid DNA was isolated using the QIAGEN@ Plasmid Maxi

I(it (QiAGEN Incorporated, Mississauga, Ontario). Briefly, cells were resuspended in a

cell sLrspension solution (50 mM Tris'Cl, pH 8.0, 10 mM EDTA, 100 ¡rglml RNase A)

and u,ere lysed by addition of a cell lysis solution (200 mM NaoH, l% SDS (w/v)). A

Iteutralization solution (3.0 M potassium acetate, pH 5.5) was added and cultures were

centrifugedat20000xgfor30minat4oC. Supernatentwasappliedtoanequilibrated

Ql,{CEN-tip 500 colurnrt, washed twice with provided wash bufler (1.0 M NaCl, 50 nrM

ÌVIOPS, pH 7.0, I5% isopropanol (v/v)), and eluted with provided elution buffer (1.25 M
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r-aCl, 50 IIM Tris C[, pH 8.5, 15% isopropanol (v/v)). The plasmid DNA in the eluare

rvtrspreci¡ritatedwithisopropanol andpelletedat20000xgfor30minar4oC. The

¡re llet ri'as u,ashed twice with coldT)Yo ethanol and resuspended in nuclease-free water.

fo fìrrther ensllre proper insertion of the AKS insert into the pSecTag2 B plasmid,

and to evaluate success of PCR cloning of AKS, 200 ng plasmid DNA was combined

u'ith l0 pnrol primer (T7 promoter primer for vector/insert junction at 5' end AKS, sense

strancl: 5'-TAATACGACTCACT ATAGGG-3'; or BGH reverse primer for vector'/insert

jLrnction at 5'end AKS, antisense strand: 5'-TAGfu{GGCACAGTCGAGG-3'; primers

u,ere synthesized by University of Calgary DNA Services) and sent to the Manitoba

lnstittrte ol-Cell Biology (MICB) for sequencing. In order to sequence the middte of the

AKS gene in the plasmid, primers were designed to anneal witl-r portions of the AKS

seqlrence, one near the 5'end, sense strand (bases 18 - 37 of AKS sequence; 5'-TGGCT

CAGTGGATGATTCAA-3'), and one near the 5'end, antisense strand (bases 607 - 626

of AI(S sequence; 5'-TCTCCCTTGGGTGAAGATCA-3'). 200 ng plasmid DNA was

cor-nbined with 10 pmol primer (synthesized by Invitrogen Custom Primers) and sent to

MICB for seqr-rencing.

3.2 Transfþction of HEK 293 Cells with pSecTag2 B/AKS

3.2.1 Culture of HEK 293 Cells

All celt culture materials were purchased from Gibco Life Technologies

(BLrrlington, Ontario) unless otherwise noted. HEK293 cells were a kind gift from the

laboratory of Dr. D. S. Sitar (University of Manitoba, Winnipeg, Manitoba). Cells were

mairrtainecl in low glucose Dulbecco's modified Eagle medium (DMEM) containing l0%
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tètal bovine serum (FBS) and IYo antibiotic/antimycotic solution (100 U/mL penicillin,

I00 ¡tgi rlL streptonìycin, 0.25 p.glmL fungizone) in a humidified 37oC incLrbator aeratecl

rvith95'%airl5o/oCO2. Twodayspriortotransfection,mediawasremovedfrorncells

altd cells rvere rvashed with citrate saline (134 mM sodium chloride; l5 mM sodium

citrate; chemicals were purchased from Fisher Scientific, Whitby, Ontario), detached

u,ith trypsin-EDTA (0.25% trypsin, I mM EDTA), and subcultured into fresh DMEM

( I 0% FBS, I % antibiotic/antimycotic) in 6-well plates (3 x 10s cells/well) or into T-75

f'lasks (2.5 x 10ó cells/flask). This cell density allowed cells to be 40 -7T%confluent on

the ciay of transfection.

3.2.2 Truttsfectiott of HEK 293 Cells with pSecTag2 B/AKS in 6-LItell Plutes

The initial transfection of HEK 293 cells with the pSecTag2 B/AKS vector was

perfortrred using Mirus TransIT@-293 Transfection Reagent (Mirus Corporation,

Madison, WI). This reagent employs cationic liposomes and is optimized for simple and

reproclucible transfection of HEK 293 cells with minimal cell toxicity. On the day of

translection, two solutions containing 9 pL of the TransIT@-293 Transfection Reagent

and 600 ¡lL lorv-glucose, serum-free DMEM were prepared. The mixtures were

irlctrbatecl lor l5 min at room temperature, and then 3 ¡rg sterile plasmid DNA (pSecTag2

B,AI(S or pSecTag2/PSA; diluted to 0.1 ¡rgl¡rl prior to use) was added to each of the

liposotne/trediurn mixtures. (The pSecTag2lPSA plasmid was included with the

Irtvitlogeu pSecTag2 kit as a control plasmid, and it contains the sequence for prostate

specifìc antigen.) The mixtures were incubated 15 min at room temperature in order to

zillou, liposome-DNA complexes to form.
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Mearlrvhile, the media was removed from the HEK 293 cells in the 6-wetl plate

ancl rvas leplaced r,vith 2 rnl- fresh low-glucose DMEM (10% FBS, I % antibiotic/

arrtinrvcol.ic) per u,ell. Following liposome-DNA complex formation ,213 'p.L liposonre-

DNA-nledia tnixture was added drop-wise to each well and the plate was rocked gently to

clistribute the cornpiexes evenly over the cells. Three wells of HEK 293 cells were

translectecl with pSecTag2 B/AKS, and three were transfected with pSecTag2/PSA.

Cells rvere returned to the 37oC,95Yo airlíYoCOz incubator and transfection was allowed

to proceed lor approxirnately 48 hours, following which the media was removed from

each rvell into sterile microcentrifuge tubes. (The media was expected to contain the

recorlrbinant AKS, since the Igrc leader sequence translated onto the N-terminus of the

proteitt allou's the protein to be secreted from the cell; the leader sequence is detached as

tlte pl'oteirr ll.ìoves through the cell membrane.) Media samples were stored at 4oC until

westen.l analysis and adenosine kinase function assays could be performed.

3.2.3 Trattsfectiott of HEK 293 Cells with pSecTag2 B/AKS itt T-75 Flqsks

A subsequent transfection was performed in T-75 cell culture flasks in order to

acquit'e nrore media containing the secreted recombinant hAK-short for westem and

activity assa)/ purposes. The transfection proceeded as above, except a single transfection

solutioll ,v\/as prepared for each of two flasks, one for transfection with the pSecTag2

BIAI(S \/ector and one for the pSecTag2/PSA control vector. Each transfection solution

containecl 24 ptL of the TransIT@-293 Transfection Reagent and i.6 mL low-glucose,

serunt-free DMEM. Following the l5 minute incubation at room temperature, 8 pg of

the appropriate ¡tlasmid DNA was added to the liposome/media rnixture and DNA-
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liposome complexes were allowed to form for 15 min at room temperature. The

transfectiou then proceeded as in the 6-well plates, except cells were washed fìrst with

serunr-free media, and then covered with l5 mL fresh, serum-free media. A portion of

thc nledia collected from each transfection was concentrated using Centricon@ YM-10

CentrilLrgal Filter Units (Millipore Canada Limited, Nepean, Ontario) in order to increase

the concentration of the recombinant protein in the media.

3.3 Western Analysis of Transfected HEK 293 Media Samples

All materials were purchased from Sigma Chemical Company (St. Louis, MO),

unless otlierwise noted. Twenty-one microlitres of each media sample (-3 pg protein)

was added to 7 pL 4X sample buffer (0.125 M Tris-Cl, pH 6.8, 2% sodium dodecyl

strlfate, 0.2o/o 2-nercaptoethanol,l\%ó glycerol, 0.01,% bromophenol blue) and samples

were denatured by heating in a boiling water bath for 5 min. Samples from the initial

transfection were loaded onto al4%o polyacrylamide gel and electrophoresed at 170 V for

1 hour. Samples from the subsequent flask transfection were loaded onto a 10% gel and

electrophoresed at 80 V until samples entered the resolution gel, and then at200 V for 45

min. A BenchMark Prestained Protein Ladder (GibcoBRL Life Technologies,

Btrrlington, Ontario) and a c-myc positive protein lysate from the laboratory of Dr. R.

Shiu at the University of Manitoba (as a positive control) were also loaded and

electrophoresed on tlie SDS-PAGE of the initial transfection media samples; a

MLrltiMarl<@ Mrlti-Colored Standard (Invitrogen Corporation, Burlington, Ontario) and a

Positoper M control protein (Invitrogen Corporation, Burlington, Ontario) were loaded and

electrophoresed on the SDS-PAGE of the T-75 flask transfection media samples. (The
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Positope]'M control protein contains a c-myc epitope, in addition to other commonly used

antibody-binding epitopes, and was used to evaluate primary antibody binding.)

Following electrophoresis, samples were transferred from the gel to Boehringer-

Matrrrheiur PVDF ntembrane (Roche Applied Science, Laval, Quebec) using a Bio-Rad

Trans-Blot@ SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad Laboratories,

Mississauga, Ontario). Transfer proceeded 50 min at 15 V. Following transfer, the

membrane was temporarily stained with Ponceau S dye, and the gel with Coomassie

Brilliant Blue to evaluate the efficiency of transfer. Ponceau S dye was then removed

from the tnembrane by successive washes in ddH2O, and the membrane was blocked in

2% skim n.rilk made in Tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.5;

chenricals were purchased from Fisher Scientific, Whitby, Ontario) for 1.5 h. The

tnenrbrane was then incubated at 4oC overnight in Sigma anti-myc 9E10 antibody diluted

l/5000 in lo/o skim milk, or Roche anti-myc 9E10 antibody (Roche Applied Science,

Laval, Quebec). The membrane was then washed for 3 x 10 min in TTBS (0.1% Tween

20 in TBS) and incubated 30 - 60 min at room temperature in Sigma peroxidase-

corrjugated goat anti-mouse IgG. The blot was subsequently washed 3 x 10 min in

TTBS, and was visualized with Boehringer Mannheim Chemiluminescence Substrate

(Roche Applied Science, Laval, Quebec). Blots were placed in cassettes with Konica

Meclical Film (Konica Canada Incorporated, Mississauga, Ontario) and the

chel¡ilumitlescence reaction was allowed to develop the film for 30 s to l0 min. Film

rvas tlren developed in an AFP Imaging MINI-MED /90 X-ray Film Processor (AFP

Imaging Corporation, Elmsford, NY) and a digital photograph was taken. Digital
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pl-rotographs were also taken of the Coomassie-stained gel for the westems of the second

traltsfectiott, since problems were encountered with antibody binding to the blot.

3.4 Nickel Chromatography of Transfected Media Samples

All In order to purify any recombinant protein existing in the media, transfected

media sanrples were applied to QIAGEN@ Ni-NTA spin columns (eIAGEN

Incorporated, Mississauga, ontario). Ni-NTA spin columns contain a nickel-

nitrilotriacetic acid (NTA) resin that binds hexahistidine tags present on proteins when a

sarnple is passed tluough the resin during centrifugation.

All chemicals were purchased from Fisher Scientific (Whitby, Ontario) unless

otlterwise noted. Initially, media samples were dialyzed at 4oC ovemight in a buffer

containirrg 50 mM NaHzPO+, 300 mM NaCl, and 10 mM imidazole. This was done in

order to renìove sodium bicarbonate and amino acids (glycine, glutamate) from the media

sample, since these agents are not compatible with the Ni-NTA resin, and to introduce a

low concentration of irnidazole to inhibit non-specific binding of proteins to the resin.

The next day, Ni-NTA Spin Columns were equilibrated by applying 600 pL of the

dialysis buffer mentioned above to the columns and centrifuging for 2 min at 700 x g in

an IEC Micromax microcentrifuge; the flow-through was discarded. Following column

equilibration. 600 ¡rL of each dialysed transfected media sample was applied to each Ni-

NTA Spin Column. Columns were then centrifuged for 2 min at 700 x g, following

wliich the flow-through was discarded. Samples bound to the Ni-NTA resin were then

washed twice with 600 ¡rL of wash buffer containing 50 mM NaH2POa, 300 mM NaCl,

and 20 mM irnidazole, pH 8.0; for each wash, wash buffer was applied to the spin
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coltrnllts and columns were centrifuged at700 x g for 2 min. Wash eluates were set aside

lor SDS-PAGE analysis. Potential hexahistidine-tagged proteins bound to the Ni-NTA

resin were then eluted twice; each elution was performed by applying 150 pL of elution

buffer (50 mM NaHzPoq, 300 mM NaCl, 250 mM imidazole, pH 8.0) to each Ni-NTA

Spirr Colurlrn and centrifugation of spin columns for 2 min at700 x g. Eluates were

collected and eluates and wash samples were analyzedby SDS-PAGE (as performed for

westem analysis in section 3.3) with Coomassie Brilliant Blue (Sigma Chemical

Company, St. Louis, MO) staining.

3.5 RT-PCR of Transfected HEK 293 mRNA

All materials were purchased from Invitrogen Corporation (Burlington, Ontario)

runless othenvise noted.

3.5.1 RNA Isolation

All labware (microcentrifuge tubes, pipet tips, syringes, needles) was sterile to

prevent contamination of isolated RNA samples. Water used in the RNA isolation was

treated overnight with DEPC (Sigma Chemical Company, St. Louis, MO) and autoclaved

the rrext day.

Non-transfected, pSecTag2 B/AKS-transfected, and pSecTag2/PSA-transfected

I{EK 293 cells from the second transfection were detached from the flasks following the

collection of media, pelleted by centrifugation, and stored at -20oC until RNA could be

isolated using the lnvitrogen S.N.A.P.rM Total RNA Isolation Kit. Cells were

lronrogenized in lysis buffer (2.5 mM Tris, 0.25 mM EDTA , 5.25 M guanidine HCl, 1 .5%
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Triton X-i00) and centrifuged at 16 000 x g in an IEC Micromax microcentrifuge to

¡rellet cellular debris. The supernatant was transferred to a fresh microcentrifuge tube,

isopropanol was added, and the mixture was placed in a spin column. The spin column

al)paratus was centrifuged at 16 000 x g for I min, at which point the filtrate was

discarded. The column was washed twice with 100 mM NaCl in75o/o ethanol, and the

nttcleic acids were eluted from the column with RNase-free water. RNase-free DNase

was added to the eluate with appropriate buffer (4 mM Tris, pH 8.0; 600 pM MgCl2; 200

¡rM CaCl2) and incubated at 37oC for l0 min in order to remove DNA from the RNA

sanrple. Binding buffer (7M guanidine-HCl; 2%oTntonx-100) was added to rhe

soltttiot.t, followed by isopropanol, and the mixture was passed through another spin

column by centrifugation at 16 000 x g for I min. The column was washed twice and

then the RNA was eluted with 10 mM Tris, pH 8.0. The concentration of isolated RNA

was deternrined by measuring the 426e, and using the equation:

[RNA] : (AzooXO.O  pglpL)(dilution factor)

Isolated RNA was stored at -20oC until RT-PCR was performed.

3.5.2 RT-PCR

The RT step was performed using the Invitrogen ThermoscriptrM RT-pcR

Systenr Kit. For each RT reaction, 3 pg total RNA, oligo(dr)26 primer (5 pM final

concentration), and DEPC-treated water were combined in a thin-walled PCR tube to a

total volunie of l0 ¡-rL. The solution was heated to 65oC for 5 min to denature RNA and
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then placed on ice. The remaining components for the RT reaction were added (250 mM

Tris acetate, pH 8.4, 375 mM potassium acetate,4O mM magnesium acetate, 5 mM DTT,

40 U RNaseOUTrM, I mM dNTPs, 15 U ThermoScriptrM RT) to a final volume of 20

¡tL. The reaction was incubated at 57oC for 60 min, and then heated to 85oC for 5 min to

terrrritrate the reaction. E. coliRNase H (2 U) was added to each reaction and reactions

tvere incubated at 37oC for 20 min. This was done in order to digest the majority of the

RNA, leaving only the first-strand cDNAs in the reaction tubes. An aliquot of each

completed RT reaction was used immediately for PCR, and the remaining reactions were

placed at -20oC for storage.

PCR was performed using Invitrogen Platinum Zaq DNA Polymerase (as part of

the ThermoScript RT System). For each PCR reaction, 5 ¡rL of the cDNA produced in

the RT reaction was used. For a final reaction volume of 50 ¡rL, the following

conrponents were added to each PCR reaction (final concentrations are indicated): 20

rnM Tris-HCl, pH 8.4, 50 mM KCl, 1.82 mM MgCl2,200 nM each dNTP, 200 nM each

prinrer (for-ward and reverse),2U Platinum Zaq DNA Polymerase, DBPC-treated water.

A drop of mineral oil was placed overtop of each reaction in order to prevent

condensation. Primer sequences were as follows: 5'-GTACTGCTGCTCTGGGTTCC-3'

(AKS arrd PSA forward; the primer anneals to part of the Igrc leader sequence), 5'-

TCCAACAAATGCATCTCCAG-3' (AKS reverse; the primer anneals near the 3' end of

tlie AK sliort sequence), 5'-GGTGTCCTTGATCCACTTCC-3' (PSA reverse; the primer

anneals near the 3' end ofthe PSA sequence).

Reactions were placed in a MJ Research PTC-I00rM Programmable Thermal

Controller (Fisher Scientific, Whitby, Ontario) and heated for 2 min at94oC in order to
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denature the template cDNA and to activate the polymerase. Initial denaturation was

follou,ed by 28 cycles of 94oC for 30 s (denaturation),55oC for 30 s (annealing), and

72oC for I min (extension). A final elongation step of 72oC for 7 min was perlormed to

fìnislr extending incomplete cDNAs. PCR products were analyzed by agarose gel

electroplroresis (l o/o agarose gel) and visualized with ethidium bromide staining. A

I(odak Electrophoresis Documentation and Analysis System (Fisher Scientific, Whitby,

Ontario) catnera was used to capture an image of the gel using Kodak digital science dS

lD v2.0.2 software (Fisher Scientific, Whitby, Ontario). The remaining portions of the

PCR reactions were stored at -20oC.

3.6 Assay for Recombinant Adenosine Kinase Activity

Bovine serum albumin was purchased from GibcoBRL Life Technologies

(Burlington, Ontario). The adenosine deaminase inhibitor erythro-9-(2-hydroxy-3-nonyl)

adenine (EHNA) was purchased from Research Biochemicals International (Natlick,

MA). Glycerol was purchased from Boehringer Mannheim (Roche Applied Science,

Laval, Quebec). 2-Mercaptoethanol and ATP were purchased from Sigma Chemical

Company (St. Louis, MO). MgCl2, KCl, NII4COOH, and HCI were purchased from

Fisher Scientific (whitby, ontario). ¡3HlAdenosine was purchased from NEN Life

Sciences (Mississauga, Ontario). Ethanol was purchased from Commercial Alcohols

I ncorporated (Toronto, Ontario).

For a positive control, human promonocyticU93T cells (for 6-well plate

transfection) or non-transfected HEK 293 cells (for flask transfection) were lysed by

hontogenization in cold 50 mM Tris-HCl, pH 7.4 (Fisher Scientific, Whitby, Ontario) and
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cytosolic protein was obtained by centrifugation in a Fisher Scientific Micro-Centrifuge

Model 235V (Fisher Scientific, Whitby, Ontario) at 16 000 x g for 20 minutes at 4oC.

Sttperuatent was removed into a fresh microcentrifuge tube and stored at 4oC until use.

Prior to the AK activity assay, the concentration of protein in transfection media

szitrrples and the U937 and HEK 293 cytosolic extracts was measured using the Bradford

proteirr assay (Bradford, 1976). Bradford reagent was purchased from BioRad

Laboratories (Mississauga, Ontario). Protein measurements were conducted in 96-well

plates, and readings were taken with a Molecular Devices En,'u* Precision Microplate

Reader (Molecular Devices Corporation, Sunnyvale, CA) .

On the day of the assay, an aliquot (80 pL) of each sample was denatured by

heating to 85oC for l0 min and then placed on ice until use. To begin the assay, 20 prl of

either sample or denatured sample was added to 80 ¡rL of reaction mixture (final

concerrtrations: 0.1% bovine senrm albumin, 0.5 ¡rM EHNA, 5o/o glycerol, 1.6 mM

MgCl2, 50 mM 2-mercaptoethanol, 1.2 mM ATP, 50 mM KCl, and 20 pM

[3H]adenosine) in microcentrifuge tubes, in triplicate, and reactions were incubated at

37oC for 2 h. Reactions were then terminated by heating to 85oC for 10 min. Twenty

nlicrolitres of each reaction were then spotted onto DE81 ion exchange f,rlters (Fisher

Scierrtific, Whitby, Ontario) and spots were allowed to dry. (DE81 ion exchange filters

bind phosphorylated compounds and so should bind the ¡3H1eUf created by a successful

AK reaction.) The filters were then placed in scintillation vials and were washed twice

u'ith 5 nll I rnM NH+COOH, twice with 5 mL distilled deionized water, and twice with 5

ntL 100% ethanol. Each wash lasted 5 min. Following the final ethanol wash, 250 ¡rL of

0.2 M HCI and 250 ¡rL of 0.8 M KCI were added to each tube. Tubes were vortexed
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briefly, inctrbated at room temperature for 10 min, vortexed briefly again, and 4.5 mL

scintrllation fluid (Beckman Coulter Canada Incorporated, Mississauga, Ontario) was

added to each tube. After vortexing to mix thoroughly, radioactivity was determined by

scintillatiorr coutrting in a Beckman LS 6000T4 counter (Beckman Coulter Canada

Incorporated, Mississauga, Ontario) for 5 min/sample.

Activity of AK was expressed as frnol ¡3H1aVP formed/mg protein. Results

were paired (denatured sample and non-denatured sample) and analyzed with one-tailed

paired t-tests. Data analysis and graphing was performed using GraphPad PRISM@

Version 3.00 software (GraphPad Software Incorporated, San Diego, CA).



4. RESULTS

4.1 Creation of pSecTag2 B/AKS Vector

PCR was performed with the Invitrogen GeneStorm@ pcDNA3.l/GS ADK vector

as a terttplate in order to produce a short-f'orm human adenosine kinase cDNA for

tlolecular cloning purposes. Restriction sites for Hind III and Xho I restriction

endonucleases were designed into the PCR primers in order to assist subsequent ligation.

Successful PCR produced a linear cDNA of -1050 bp; a product of 1039 bp was

expected lor the short isoform of human adenosine kinase. The PCR product was

restriction digested with EcoR I in order to further clarify whether the cDNA was that of

tlre slrort fonn of hAK. Following a 2 hour digest at37oC, gel electrophoresis revealed

tr'r'o bands of -1050 bp (undigested PCR product) and -850 bp, which approximated the

tlreoletical digestion band of 836 bp. A band corresponding to the 203 bp fragment

expected from the digestion was not seen, but may have migrated off the gel.

Following the synthesis of the hAKS cDNA, TOPO cloning of hAKS was

perfomred in order to more easily digest the hAKS insert ends with Hind III and Xho I to

produce the sticky ends required for ligation into the mammalian expression vector,

pSecTag2 B. TIie pCR@-Blunt II-TOPO@ vector map is shown in The Appendix, with

restriction sites and insertion site indicated. Insertion of hAKS into the TOPO vector was

evaluatecl by two methods. First, TOP l0 E. coli successfully transformed with a

successl'ul ligation mixture will grow on LB agar plates containing ampicillin, whereas

tulrsuccesslt-rl transfotmants will not grow (due to lack of ampicillin resistance), and

bacteria transfonned with unsuccessful ligation mixtures will not grow (due to a letlial

gene sun'ounding the insertion site). The fact that colonies were present on the LB agar
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arlpicillin plates suggests that a fragment rvas inserted into the TOPO vector. Secondly,

in order to ensllre hAKS insertion (and not insertion of an incomplete PCR product),

plasnrid DNA was isolated from cultures of transformed bacterial colonies, and

I'estriction digestions were performed on the isolated DNA. A Hind III/Xho I digest of

the plasnrid DNA is predicted to produce fragments of 3833 bp, 1039 bp,60 bp, and 3g

b¡l. (These last two fragrnents were not expected to be seen due to their small size; they

are a result of two sets of Hind III and Xho I restriction sites, one set in the vectornear

the insertion site, and one set at the ends of the hAKS insert. hAKS restriction sites are

indicated in Figure 5 below; vector restriction sites are presented in The Appendix).

Agarose gel electrophoresis revealed bands of -3500 bp and -1050 bp, as shown in

Figure 3. Because the pCR@-Blunt II-TOPO@vector is designed with EcoR I sites

flanking the insertion site, a second digest with EcoR I was performed, with expected

rragnrents of 3915 bp, 848 or 842 bp (depending on orientation of pcR product

irrsertiort), and 209 or 274 bp. A band of 1039 bp (the size of the hAKS insert) was not

expected because the hAKS gene sequence also contains one EcoR I restriction site. Gel

electrophoresis indicated DNA fragments of -3700 bp and -850 bp (Figure 3). It is

possible that the -2i0 bp fragment ran off the gel. The digestion results, in addition to

tlre sttrvival of ð. coli on LB agar containing ampicillin, strongly suggest hAKS was

successfully inserted into the TOPO vector.

In order to excise the hAKS cDNA with sticky ends, the TOPO/AK vector was

digestecl with Hind il and Xho I. The hAKS cDNA was purified by agarose gel

electlophoresis. The pSecTag2 B expression vector was also digested with Hind III and

Xho I to produce complimentary sticky ends for ligation, and then was dephosphorylated
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prior to ligation. Ligation was performed overnight, and the following day DH5a E. coli

u,ere transformed with the ligation mixtures. Plasmid DNA was isolated from successful

translormatlts and restriction digestions were performed to determine whether hAKS had

inserted ir-rto pSecTag2B, and if so, whether it had inserted in the proper orientation for

trarrscri¡rtion. A Hind III/Xho I digest gave -5100 bp and -1050 bp bands, and a

suggestion o f a band >5 I 00 bp (due to the thickness of the 5200 bp band). These results

correlate well with the expected digestion fragments of 5092 bp and 1039 bp, and the size

of the turdigested vector (6131 bp). An EcoR IÆgl II digest was expected to give DNA

fragnrents of 4939 bp and ll92bp, and gel electrophoresis indicated that the sizes of the

actual DNA fragrnents (-5000 bp, -1200 bp, and a band >5100 bp) approximated those

of the expected fragments and undigested vector. The gel electrophoresis results for both

digests are shown in Figure 4. hAKS restriction sites for Hind III, Xho i, and EcoR I are

indicated in Figure 5 (sequencing results); vector restriction sites for Hind III and Xho I

are indicated also in The Appendix.

To detennine whether the hAKS insert contained any errors (insertions, deletions,

misnratches) at the junctions with pSecTag?B, or within the hAK sequence, pSecTag2

B/AKS plasmid DNA samples were sent for sequencing at the Manitoba Institute of Cell

Biology. The combined sequencing results are shown in Figure 5, and the translated

sequence is shown in Figure 6. The junctions between the vector and insert were free of

erïors; horvet er, the internal hAK sequence contained 4 single-base variations from the

Genbank sequence, 3 of which were determined to lead to amino acid changes, shown in

Figure 6. Tr.vo mismatches were determined to be due to differences between the PCR

template (lnvitrogen GeneStorm@ pcDNA3.l/GS ADK vector) and the Genbank
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FIGURE 3. Restriction digestions of TOPO/AKS plasmid DNA.
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The TOPO/AKS plasmid was digested with Hind IIID(ho I (1) or EcoR I Q) inorder to

determine whether the hAKS PCR product had been inserted into the TOPO vector.

Numbers on the right side of the figure are base pair indications for the 1 Kb Plus ladder

(L). For the Hind IIIDfto I digest, fragments of 1039 bp and 3519 bp were expected.

For the EcoR I digest, fragments of 3931 bp,848/842 bp (depending on orientation of

insert), and209/214 bp (depending on orientation) were expected. The results suggest

that the hAKS PCRproduct was successfi.rlly inserted into the ToPo vector.
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FIGURE 4. Restriction digestions of pSecTag2 B/AKS vector.
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The pSecTag2 B/AKS plasmid DNA was digested with Hind III/Xho I (1) or EcoR VBgl

II (2). Numbers on the left side indicate the base pair sizes of the 1 Kb Plus ladder (L).

The Hind III/Xho I digest was expected to produce DNA fragments of 5092 bp and 1039

bp. The EcoR I/Bgl II digest was expected to produce DNA fragments of 4939 bp and

1192bp. The results indicate that the hAKS sequence was indeed inserted into the

pSecTag2 B vector.
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FIGURE 5. Combined sequencing results for pSecTag2 B/AKS.

, ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCA GGTT
Ig* leader a

Hind III site
5J CCACTGGTGACGCGGCCCAGCCGGCCAGGCGCGCGCGCCG 7 6çç¿A G CTT d

5'primer for AKS
I 04 

C GTCAGTCAGAGAAAATATTCTCTTTGGA,A.TGGG AA ATCCTCTGCTTG

,,: ACATCTCTGCTGTAGTGGAC fuq\T{GATTTCCTTGATAAGTATTCTCTGAA
2O' AC CAAATGAC CAAATCTTGGCTGAAGACAAACACAAGGAACTGTTTGA
209 TGAACTTGTG A fuAéúqü{TTCA AAGTCGAATATCATGCTGGTGGCTCTAC

EcoR I site
ZSI çç 6GAA TTC ¡6^¡T fu!{GTGGCTCAGTGGATGATTCAACAGCCACACAA
]05 A GCAGCAACATTTTTTGGATGCATTGGGATAGAT fuAÁTTTGGGGAGAT

A
IN] CCTG AAGAGAAAAGCTGCTGAAGCCCATGTGGATGCTCATTGCTACGA
... 

G CAG AATGAGCAGCCAACAGGAACTTGTGCTGCATGCATCACTGGTG
.88 

A CAA CAG GTCCCTCATAGCTAATCTTGCTGCTGCCAATTGTTATAAJq\TL{
'7 G GAAAAACATCTTGATCTGGAG A tu{úAú{CTGGATGTTGGTAG tuLAuAu{GC

CAC
585AAGA GTTTGTTATATAGCAGGCTTTTTTCTTACAGTTTCCCCAGAGTCA
U3O GTATTAAAGGTGGCTCACCATGCTTCTGAAAACAACAGGATTTTCACT

c
682 TTGAATCTATCTGCACCGTTTATTAGTCAGTTCTACAAGGAATCATTGA

T
i3' TGÁ.AAGTTATGCCTTATGTTGATATACCTTTTGG AJL{TGAGACAGAAG
??9 CTGCCACTTTTGCTAGAGAGCAAGGCTTTGAGACTfu{ú{GACATTAJL{G
''' AGATAG CCAAAAAGACACAAGCCCTGCCAAAGATGAACTCAAAGAGG
870 CAG CGAATCGTCATCTTCACCCAAGGGAGAGATGACACTATAATGGCT
N'' ACAGAAAGTGAAGTCACTGCTTTTGCTGTCTTGGATCAAGACCAGAAA
N'O GAAATTATTGATACCAATGGAGCTGGAGATGCATTTGTTGGAGGTTTT
I O I sCTGTCTC AACTGGTCTCTGACAAGCCTCTGACTGAATGTATCCGTGCT
' 

0O6G GCCACTATGCAGCAAGCATCATAATTAGACGGACTGGCTGCACCTTT
Xho I site

,'' ]CCTG AGAAGççACAÇITÇ C AC AC TCGAGGAGGGCCCGAAC fuAJq./qACTCA

I I ÓITCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATT

@ rñil;lñ:-
r2riGA

Above are the combined sequencing results for the sense strand of pSecTag2 B/AKS

from the transcriptional start codon (ATG) to the transcriptional stop codon (TGA). The

PCR primer sequences for hAKS, Igr leader sequence, c-myc epitope, and hexahistidine
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tag are underlined and labelled. The Hind III and Xho I restriction sites used for ligation

of the hAI(S insert into the pSecTag2 B vector are italicized and labelled as well. The

EcoR I restriction site used in restriction digestions to confirm insertion of hAKS is

indicated with italics as well. The four mismatch mistakes are indicated in the middle of

the hAKS insert sequence, with the correct bases indicated above in italics. Two of the

mistakes 1ç0tz4ota6ó'eàACA; T58)C¡ are due to differences between the PCR template

sequence (Invitrogen GeneStorm@ pcDNA3.l/GS ADK vector) and the Genbank

sequence (accession NP_001114; GI: 4501943); both mismatches lead to amino acid

cltanges. The remaining two mismatches 14434)G; Ci08)T¡ are due to PCR errors; only

one of these rnistakes leads to an amino acid change 1eo3oàC¡.
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FIGURE 6. Translated recombinant hAKS amino acid sequence.

' nrc c n cncncRcncectcctcctRrccctectcctcctctcccttccRccrrccecr
M E T D T LL L W V LL L W V P G S TI9

' 
* 

GGTG RCGCGGCCCAGCCGGCCAGGCGcGCGCGCcG T ACGAA G CTT ACGTCAGTC
CD AA A PA R RARRTKLT v3t

"' AGncaAaATATTCTCTTTGGtu{TGGGtuâ\r{TccrcrGCTTGAcATcrcrccr
RENILFGMGNPLLDISA'o

' 
U, GTAGTGGACAAAGATTTCCTTGATAAGTATTCTcTGAAACCAAATGACCAA

VVDKDFLDKYSLKPNDQ''
,,' ATCTTGGCTGAAGACAAACACAAGGAACTGTTTGATGAACTTGTGAAAAAA

ILAEDKHKELFDELVKK''
=óU TTCAAAGTCGAATATCATGCTGGTGGCTCTACC C AGAATTC AATTAAAGTG

FKVEyHAGGSTaNSIKvToS,'' GCTCAGTGGATGATTCAACAGCCACACAAAGCAGCAACATTTTTTGGATGC
AawMIeapHKAATFFccr?3

,.,' ATTGG GATAGATAAATTTGGGGAGATCCTGAAGAGAAAAGCTGCTGAA GCC
IGIDKFGEILKRKAAEAI4O

.' O CATGTGGATGCTCATTGCTACGAGCAGAATGAGCAGcCAACAGGAACTTGT
HVDAHCyEaNEaprcrcrsT

"" G crccATG cATCacTccTGACAACAGGTCcCTCATAGCTAATCTTGCTGCT
AAcITGDNRSLIANLAATTa

'.' GCCAATTGTTATA.A AJL{GGfuâúâúL{CATCTTGATCTGGAGAAAAACTGGATG
ANCYKKEKHLDLEKNwMI,I

''' TTGGTAGAAAAAGCAAGAGTTTGTTATATAGCAGGCTTTTTTCTTACAGTT
LVEKARVCYIAGFFLTV2Os

u" TCCCCAGAGTcAGTATTA aaccrcccrcAccATccrrcrcAaaacaacacc
SPESVLKVAHHASENNR,''

U'. ATTTTCACTTTGAATCTATCTGCACCGTTTATTAGTCAGTTCTACAAGGAA
I F T L N L s A p F I g a F y K Ez42

''' TCATTGATGAAAGTTATGCCTTATGTTGATATACCTTTTGGAAATGAGAcA
SLMKVMPYVDIPFGNEl?59

"u cAA GCTGCCAcrrrrccrAGAGAccAAcccrrrcãcACTAAAGAcATTAAA
EAATFAREaGFETKDIK''u

',' GAG ATA GCCAAAAAGACACAAGCCCTGCCAAAGATGAACTCAAAGAGGCAG
EIAKKTaALPKMNSKRQ293

''' CG A ATCGTCATCTTCACCCAAGGGAGAGATGACACTATAATGGCTACAGAA
RIVIFTaGRDDTIMATE3IO

O,N 
A GTGAAGTCACTGCTTTTGCTGTCTTGGATCAAGACCAGAAAGAAATTATT

SEVTAFAVLDaDaKEII32T
N'O GATA CCAATGGAGCTGGAGATGCATTTGTTGGAGGTTTTCTGTCTCAACTG

D T N G A G D A FV G G F L S Q L344

' 

o'' crcrcrcAcaAcccrcrcAcrcAATcTATcccrccrccccAcrATccAccA
VSDKPLTEcIRAGHYAA3óI

, O''AGCATCATAATTAGACGGACTGGCTGCACCTTTCCTGAGAAGCCAGACTT

SIIIRRTGCTFPEKPDF3Ts
,',,CACA CTCGAGG AGGGCCCGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGC

H T R G G P E a K L I S E E D L N S39ó,,''GCCGTCGACCATCATCATCATCATCATTGA

vDHHHHHHoosstop
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Above is the amino acid sequence for the recombinant hAKS, translated from the

cornbined pSecTag2 B/hAKS sequencing results. Amino acid changes are indicated in

bold and underlined (the Ser203) Ser nonsense change is also shown). The pSecTag2

B/hAKS sequence is annotated as in Figure 5.
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sequence. The other two mismatches were determined to be due to PCR errors. The

clif'lerences are sunlmarized in Table2.

4.2 Cellular Expression of pSecTag2 B/AKS

HEK 293 cells were transfected with the pSecTag2 B/AKS plasmid because these

cells lrave 75 - 80% transfection efficiency with the optimized Mirus TransIT@

Transfection Reagent. Media was removed from cells at 48 h to be analyzed by western

blotting, and for subsequent use in AK activity assays. Cells from the flask transfection

w'ere then washed with sodium citrate, trypsinized, pelleted by centrifugation, and stored

at -20oC until RNA could be isolated for RT-PCR analysis.

western analysis of media from psecTag2 B/AKS-transfected and

pSecTag2iPSA-transfected cells was performed to determine whether recombinant

protein (AKS or the positive transfection control, PSA) was produced by transfected

HEK 293 cells in the initial 6-well plate transfection. Media samples were analyzed

because the Igrc leader sequence contained in the pSecTag2 vector and translated onto the

N-temrinus of the recombinant proteins allows the proteins to be secreted from the cells

into tlie extracellular media. (The lgr< signalling fragment is removed as the protein

passes through the membrane.) Western blot analysis revealed bands at -35 kDa and -47

kDa for the recombinant PSA and AKS, respectively, as shown in Figure 7. The

recombinant PSA was expected to run at 33 kDa. The short isoform of human AK is a 39

kDa protein, but with the c-myc and hexahistidine tags, it was expected to run at -42

kDa. The recombinant AK may have run higher, however, due to unexpected post-

translational modifications to the protein, or due to changes in secondary and tertiary
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TABLE 2. Mismatch errors in pSecTag2 B/AKS sequence.

Genbank Codon
pSecTag2 B/AKS

Codon
Cause of Mismatch Amino Acid Change

TAC TGC PCR error Tyrll2 + Cys

CAC ACA GeneStorm@ sequence
difference

Hisl73 + Thr

AGC AGT PCR error
None

(Ser203 9 Ser)

CTT CCT
GeneStorm@ sequence

difference
Leu220; Pro

The above table summarizes the mismatch mistakes in the pSecTag2 B/AKS sequence,

their causes, and the resultant amino acid changes. Amino acids are numbered according

to their positions in the native hAKS. The implications of the amino acid changes are

reviewed in the Discussion section in terms of AK structure and activity.
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stl'Llctllre dr,re to the mismatches present in the cDNA. However, SDS in the sample

bLrffer and gel should denature the protein and negate such a problem. It could also be

possible that the Igr leader sequence was not cleaved from the protein as it passed

through the plasma membrane; with the leader sequence still attached, the recombinant

protein has a predicted size of 45.3 kDa. Predicted molecular weights of the recombinant

AKS were calculated with the use of the online Statistical Analysis of Protein Sequences

program of Dr. S. Karlin at Stanford University.

Westem analysis was performed on the subsequent flask transfection as described

in tlie Materials and Methods section. However, minimal or no antibody binding was

seen uporl development of the films. Both Sigma and Roche anti-myc 9E10 primary

antibodies were used, in case the Sigma antibody had become unstable, but antibody

binding was not obtained after a number of analyses. SDS-PAGE analyses of media

samples, and nickel column-purified media from the pSecTag2 B/AKS transfection, were

performed and stained with Coomassie Brilliant Blue in order to examine whether

proteins of the expected sizes for recombinant hAKS and PSA were present. Both SDS-

PAGE analyses indicated a lack of recombinant hAKS or PSA in the transfection media

and a lack of recombinant hAKS in the nickel-purified sâmple. The results are shown in

Figr,rre 8. However, Coomassie Brilliant Blue staining of SDS-PAGE is not a sensitive

protein detection method, and so a small amount of recombinant protein could have been

present in the media samples but was not detectable by this method. As well, if such a

small amount of recombinant protein was present, purification by nickel column

chrotnatography may not have increased the concentration of recombinant protein enough

to allow it to be detectable by SDS-PAGE/Coomassie Brilliant Blue staining. In order to
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FIGURE 7. Western analysis of initial transfection media samples.

cL23456

The results of the western analysis performed on the media samples taken from

the initial transfection are shown. Numbers on the left indicate molecular weight

expressed in kDa (each size corresponds to a blue dot where bands of the ladder were). A

sample containing a protein possessing a c-myc epitope was obtained from the laboratory

of Dr. R. Shiu at the University of Manitoba and run as a positive control (a band of 60

kDa was expected; the control appears to be somewhat degraded). Lanes 1,2, and3 are

media samples taken from the three wells of the six well plate transfected with pSecTag2

B/AKS. The recombinant hAKS has a theoretical molecular weight of -40 kDa. The

positive samples (2 and 3) may have run higher due to unknown post-translational

modifications. Lanes 4, 5, and 6 are media samples taken from the three wells

transfected with pSecTagZ/PSA. The secreted recombinant PSA was expected to be -33

kDa, but may be larger if glycosylated. These results indicate that the initial transfection

in 6-well plates was successful, and that hAKS has lower electrophoretic mobility than

expected.
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FIGURE 8.

L1

Protein gels of media samples from second transfection.
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Gel l Gel2

The results of SDS-PAGE followed by Coomassie Brilliant Blue staining are shown.

Molecular weights (in kDa) are indicated on the left of each gel. In Gel I the samples are

as follows: molecular weight marker (L); pSecTag2 B/AKS transfection media (1);

concentrated pSecTag2 B/AKS transfection media (2); pSecTag2/PS{transfection media

(3); concentrated pSecTag2/PSA transfection media (4); media from non-transfected

cells, containing FBS (5). The protein present in the transfected media samples appears

to be remnant FBS, since the bands are of similar size and relative intensity as those in

the non-transfected cell media sample. No hAKS or PSA protein bands are apparent.

Gel2 shows the results of attempted purification of recombinant hAKS from the media

sample using nickel column chromatography. Molecular weights are indicated by the

marker in the first lane (L). Each of two washes of the column (1 and 2) are shown, as

well as each of two elution steps (3 and 4). Only one band is apparent in the first wash

(1) at approximately 60 kDa which could be a small fraction of FBS that was detained on

the column. The results suggest no recombinant protein in media samples.
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FIGURE 9. RT-PCR analysis of RNA isolated from transfected HEK 293 cells.
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RT-PCR was performed on RNA isolated from non-transfected, pSecTag2 B/AKS-

transfected, and pSecTag2lPS{-trarrsfected cells. The numbers on the left indicate the

sizes of the 1 Kb Plus ladder (L) bands in base pairs. Lanes 1 and 2 are controls with

each set of primers (those for pSecTag2 B/AKS or those for pSecTag2/PSA,

respectively) and no template. Lanes 3 and 4 are RT-PCR of non-transfected HEK293

RNA with pSecTag2 B/AKS and pSecTag2/PS{primers, respectively, which were

performed in order to ensure the primers were specific for the recombinant genes. Lane 5

shows the RT-PCR of RNA isolated from pSecTag2 B/AKS-transfected HEK293 cells; a

PCR product of 983 bp was expected. Lane 6 shows the RT-PCR of RNA isolated from

pSecTag2ÆSA-transfected HEK 293 cells; a PCRproduct of 745 bp was expected. The

results support successful transfection of HEK 293 cells with the recombinant DNAs.
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investigate whether the transfection was successful, RT-PCR analysis was performed on

RNA isolated from transfected and non-transfected cells. The results are shown in

Figure 9. RT-PCR analysis of cellular RNA from non-transfected cells, pSecTag2

B/AKS-transfected cells, and pSecTag2/PSA-transfected cells was performed to evaluate

transcription olplasmid DNA to mRNA. RT-PCR of non-transfected cells was expected

to produce no bands, RT-PCR of pSecTag2 B/AKs-transfected cells was expected to

produce a cDNA of 983 bp, and RT-PCR of pSecTag2/PSAtransfected cells was

expected to produce a cDNA of 745 bp. RT-PCR of RNA from the above cell types

revealed no DNA fragment in the non-transfected RNA sample, and DNA fragments of

-1000 bp for the pSecTag2 B/AKS-transfected cells, and -800 bp for the pSecTag2ÆSA-

transfected cells. Thus, RT-PCR analysis suggests successful transfection and expression

of the pSecTag2 B/AKS and pSecTag2/PSA plasmids in the T-75 flask transfection. It is

still Lrnclear as to why westem analyses and SDS-PAGE were not successful for media

samples fronr the second transfection. It is possible that for some reason the proteins

were not secreted, but westem analyses of the initial 6-well plate transfection indicated

that the leader sequence was effective in secreting the proteins from the cell.

4.3 Determination of Activity of Recombinant AKS

Media samples from pSecTag2 B/AKS-transfected cells were used in AK activity

assays in order to determine whether the recombinant AKS was functional, that is, able to

phosphorylate [3H]adenosine to produce ¡3U1eVf. Assays with the media collected

fronr tlre initial transfection were allowed to proceed overnight at 37oC in order to

accumulate enough [3H]AMP for scintillation counting purposes. Assays with the media
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collected from the T-75 flask transfection were allowed to proceed only two hours at

37oC, as it was decided that two hours was sufficient for accumulating enough [3H]AMP

for counting purposes.

AK activity in media samples from pSecTag2 B/AKS-transfected cells, cytosolic

protein lronr human promonocylicU93T cells (assays with initial transfection media),

arrd non-transfected HEK293 cells (T-75 flask transfection media), was compared to AK

activity in denatured samples using paired t-tests. The U937 or HEK 293 cytosolic

protein was assayed as a positive control for the assays. Denatured samples were

tlegative controls.

Results indicated significant AK activity in media samples from either

transfection, although activity was minimal compared to the positive control cytosolic

protein samples. The amount of radioactivity present in denatured AK media reactions

was approximately three times higher than the amount of radioactivity in denatured

cytosolic protein reactions and so an AK inhibitor, 5'-iodotubericidin (Itu), was added to

the reaction mixture in order to determine if there was residual AK activity in denatured

samples. The addition of ltu, however, did not alter the amount of radioactivity in

denatured AK media reactions (results are not shown). The results from the AK assays

are shown in Figure 10.
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FIGURE 10. AK activity in media from pSecTag? B/AKS-transfected HEK 293.

0.0025

0.0000

o)
E
fL>.c4(l):..-¡+'o
1- o-
õ
tr

t
0.35 -
0 30-J

0.25l
o 20l

DA
hAt(s I

DA
hAKS 2

D = denatured sample
A = active sampleB.

o)
tr
fL

=.E<9r
-En?-ã
õ
E

I0.250-
0.225J
0.200J

0.175J

0.1501

0.0025

0.0000
DA

HEK cytosolic

DA
hAKS in media



84

The results of a single l8 h AK assay with the 6-well plate transfection media (A) and

four 2 h AK assays with the flask transfection media (B) are shown. Assays were

incubated at 37oC and performed in triplicate. Data are expressed in frnol [3H]AMP

fornied/mg protein. Error bars indicate standard error of the mean (SEM). in both

graplrs data was paired (denatured and active protein) and analyzed by one-tailed paired

t-tests. In A each active sample (U937 cytosolic protein, U937; media from one well of

pSecTag2 B/hAKS-transfected HEK293 cells, hAKS 1; media from a second well of

pSecTag2 B/hAKS-transfected HEK293 cells, hAKS 2)had significantly more activity

than their denatured counterpart, **, *t: p<0.01; g: p<0.05 . In B each active sample

(cytosolic protein from non-transfected HEK293 cells, HEK cytosol; media from

pSecTag2 BihAKS-transfected HEK 293 cells, hAKS in media) was also significantly

more active than its denatured counterparti ** : p<0.001; gg : p<0.01. It should be

noted that the media sample in B may contain no recombinant hAKS, as western analysis

revealed no recombinant protein in the media samples, nickel column purification eluted

no recombinant protein (as determined by SDS-PAGE), and SDS-PAGE of media

samples suggested the protein present in transfection samples was residual FBS. Our

laboratory has previously observed minimal AK activity in FBS, likely due to

contamination during production. Thus, the AK activity observed in B could be due to a

contaminating phosphorylating enzyme in residual FBS in the media and not to the

recombinant hAKS itself. Because the transfection in A was performed in the presence

o[ FBS, that activity seen could also be due to a contaminating enzyme in the FBS, even

though westent analysis supports the presence of a recombinant hAKS in the media.
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5. DISCUSSION

The purpose of this project was to create a recombinant human adenosine kinase,

shoft form (hAKS) for future use in adenosine research in our laboratory. A recombinant

hAKS would better enable the elucidation of the adenosine metabolic pathway, the

eflects of inhibitors upon it, and the cellular factors which may play a role in the

regulation of this pathway. It was especially hoped to be useful in determining the nature

of tl-re endogenous regulation of AK by cell signalling molecules, like PKC. A

recombinant hAKS was produced; unfortunately, no activity was determined to be

present in media samples from transfected cells. The minimal activity in media samples

from the second transfection could be attributed to an apparent lack of recombinant

hAKS in the samples, although the presence/absence of AK in the media remains unclear;

an additional transfection is underway, following which both extracellular media and

cytosolic protein will be examined in western analyses and AK activity assays for the

presence of recombinant protein. The media samples from the initial transfection did,

however, contain recombinant hAKS, as seen in western analysis, but also possessed

diminished activity. It is unclear whether the activity present was due to recombinant AK

or a contaminating phosphorylating enzryein the FBS in the media. If the decreased

enzyme activity is that of the recombinant AK, it could be due to a number of features of

the recombinant protein, including the possible inefficient removal of the N-terminal Igr

secretion signal upon passage through the cellular membrane into the extracellular media,

tlre presertce of a c-myc epitope and hexahistidine tag at the C-terminus, and single base

changes in the DNA sequence leading to amino acid changes in the protein.
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The pSecTag? B vector was chosen for cloning hAKS because it improves the

detection, isolation, and purification of the resultant recombinant protein. The Igrc leader

sequence, a protein fragment of 21 amino acids, is attached to the N-terminus of the

reconrbinant protein in order to direct the completely synthesized protein to the cellular

meml¡rane for secretion; the secretion signal is then removed as the protein passes

through the plasma membrane. The ability of the recombinant protein to be secreted by

the transfected cells into the extracellular media was attractive for its ease of isolation,

particularly when no serum is present in the media. Western analysis of the initial

transfection indicated hAKS in the media samples, although the protein band was larger

than expected (-47 kDa instead of the expected 42\<Da). It is possible that the secretion

sigrial may not have been removed upon passage through the plasma membrane, which

would result in a recombinant protein with a theoretical weight of 45.3 kDa. Because the

N-tenninus of native hAKS acts as a flap over the active site (Matthews et al., 1998), an

extra 2l amino acids could alter how such a flap rests over the active site. Secondary

structure prediction using the online secondary structure prediction program at

http://promoter.ics.uci.eduÆRNN-PRED/ indicates the Igr sequence, if not detached,

adds an extra helix and non-specific secondary strucfure to the N-terminus of the protein,

and slightly changes the position of the first a-helix of the native protein (Figure 11). It

is unclear as to whether such secondary structure would alter the folding of the N-

tenlinal flap, but at the very least the non-detached secretion signal would be expected to

add extra bulk to the flap, which could very likely alter how it lies over the active site of

liAKS. Residues near the N-terminus of hAKS, including some within the flap, interact

with the adenosine molecule for binding purposes (Matthews et al., 1998), and so a
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FIGURE 11. Secondary structure prediction for recombinant and native hAKS.

Recombinant hAKS

, TUNTNTILLWVLLL\ryVPG STGDAAQPARRARRTKLTSVREN I LFGMGNPLLDI SAVVDKDF
CCH H H H H H H H H HHCCCCCCCCCCCCCCCCCCE ECCCCCCCE EEE ECCCEEEEEEECCH H I-{

6' LDKYSLKPNDQILAEDKHKELFDELVKKFKVEYHAGGSTQNS I KVAQwMTQQPHKAATFF
HI.IT{CCCCCCCCECCCCCIICCHHHIIHHCCCCET]ECCCCHHHI-{HI-{I-IHHHHHHHCCCCCEEEE

, 2, Gc IGIDKFGEILKRKAAEAHVDAHçYEQNEQPTGTCAACITGDNRSLIANLAAANcYKKE
EECCCCHHHHHHHHH H H I {CCCCCEEEEECCCCCEEEEEEECCCC EEEEECCCCCCCCCCC

''' KH LDLEKNWMLVEKARVCYIAGFFLIVSPESVLKVAHHASENNzuFTLNLSAPFISQFYK
HHCCHHHHHHHHHHCCEEEEECCECCCCHHHHHH HHHHHHHCCCEEEECCCCCCCHHHHH

2O I ESLMKVMPYVDIPFGNETEAATFAREQGFETKDIKEIAKKTQALPKMN SKRQRIVIFTQG
HHH HHHHHCCCEECCCHHHI-I HHHHCCCCCCCCC H HHHH HH HHH H HHHCCCCCEEEEEECC

,O'RDDTIMATESEVTAFAVLDQDQKEIIDTNGAGDAFVGGFLSQLVSDKPLTECIRAGHYAA

CCCEEEEECCCEEEECCCCCCCEEEECCCCHHH HIJ HI_IHI-IHHH HHCCCCHHHH HHHHHHHH

36' SIIIRRTGCTFPEKPDFHTRGGPEQKLISEEDLNSAvDHHHHHH
HHHHHCCCCCCCCCCCCCCCCCCCCHHHHHHH HHHH HHCCCCCC

Native bAKS

'IT¿TSVRTUILFGMGNPLLDISAVVDKDFLDKYS LKPNDQILAEDKHKELFDELVKKFKVEY
CCCCCCCEEEEECCCEEEEEEECCHHHHHHCCCCCCCCECCCCHHCCHHHHHHCCCCCEE

6' HAGG STQNSIKVAQWMI QQPHKAATFFGCIGIDKFGEILKRKAAEAHVDAHTYEQNEQPT
CCCCHHHHHHHHHHHHHHCCCCCEEEEEECCCCHFI HHHHHHHHHHCCCCEEEEEECCCCC

' 

2 I GTCAACITGDNRSLIANLAAANCYKKEKHLDLEKNwMLVEKARVcYIAGFFLHVSPES VL
EEEEEEECCCCCEEEECCCCCCCCCHHHHHCCHHHHHHHHHCCEEEEECCECCCCHHHHH

I t I KVATü{ASENNRIFTLNLSAPFISQFYKESLMKVMPYVDIIFGNETEAATFAREQGFETKD
HHHHHHHHCCCEEEECCCCCCCHHHHHHHHHHHHHCCCEECCCHI{HHHHHHCCCCCCHCC

2O' IKET,AKKTQALPKMNSKRQRIVIFTQGRDDTIMATESEVTAFAVLDQDQKEIIDTNGAGD
HHHHHHHHHHHHHHCCCCCEEEEEECCCCCEEEEECCCEEEECCCCCCCCEEECCCCHHH

,O'AFVGGFLSQLVSDKPLTECIRAGHYAASIIIRRTGCTFPEKPDFH

HHHHHHHHHHHCCCCHHHHHHHHHHHHHHHHHCCCCCCCCCCCCC

Figure I I shows the predicted secondary structure for the recombinant hAKS as

compared to that predicted for the native hAKS (sequence from NCBI Protein), with the

amino acid sequences in black and the predicted secondary structures in grey.
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Abbreviations for the secondary structure are aS follows: H: helix, E: sheet, C : non-

speciñc structure. Predictions were performed with the online secondary structure

prediction progranl at http://promoter.ics.uci.edu/BRNN-PRED/. The amino acid

differences between the recombinant and native hAKS are boldfaced and underlined.

None of these are predicted to significantly alter the protein's secondary structure. The

lgrc secretion signal (N-terminus) and the c-myc and hexahistidine tags (C-terminus) are

boldfaced, as are their corresponding predicted secondary structures. The Igrc leader

sequence is predicted to add an extra helix (H) and non-specific structure (C) to the N-

ternrinus of the recombinant hAKS. The c-myc and hexahistidine tags are predicted to

add an extra helix to the C-terminus of the recombinant enzyme. It is unclear whether

such additional structure may alter the function of the enzpe, but the extra helix at the

N-terminus may affect the folding of the N-terminal flap that covers the active site of

hAKS.
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slightly bLrlkier N-terminus could also affect these binding interactions.

The c-myc epitope and hexahistidine tag attached to the C-terminus of the

reconrbinant hAKS could also alter the structure and./or activity of the enzyme. The tags

were added iu order to be able to detect the recombinant protein in the extracellular

media (immunoblotting with an antibody directed toward c-myc or the polyhistidine tag),

as well as to possibly purify the recombinant protein from the media (using nickel

coluntns, or an affinity-binding column). The c-myc tag was much needed for Western

analysis, as there is currently no antibody available for hAKS; only a polyclonal antibody

to rat AKS has been developed by the Pawelcryk laboratory at the University of Gdaírsk

in Poland (Sakowicz et al., 2001). Thus the c-myc tag was included primarily for

detection of the recombinant hAKS, and the polyhisitidine tag was included primarily for

purification of the recombinant hAKS using nickel column chromatography, should it be

necessary. It was hoped that the additional26 amino acids containing the c-myc and

l-rexahistidine tags would not alter enzyme function significantly. However, Mg-ATP2-

interacts with the C-terminal half of hAKS (Matthews et al., 1998), and extra amino acids

at the C-terminus may thus alter the structure of the Mg-ATP2- binding site. The extra

atllino acids add an additional c¿-helix and some non-specific secondary structure to the

C-terminal tail of the recombinant hAKS, as predicted by the online program at

http://promoter.ics.uci.edu/BRNN-PRED/, and shown in Figure 11. It is unclear whether

this may alter the activity of the recombinant protein.

There is some concern regarding the terminal hexahistidine tag specifically, since

the positive charges associated with histidine residues would be concentrated in this area,

and could interact with an area of the enzyme that may possess an available negative
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cllarge, altering lolding of the protein or causing interactions with other AK molecules.

Hor,,,ever, output from the Statistical Analysis of Protein Sequences (SAPS) online

calculator created by the laboratory of Dr. Karlin in the Department of Mathematics at

Stanford University suggests no such positive charge cluster. There have been previous

reports of a hexahistidine tag altering fotding of a recombinant intracellular binding

protein, as well as causing aggregation of a cloned receptor tyrosine kinase and

subsequent prevention of ligand binding (Ramage et a1.,2002). Therefore it is possible

that the presence of the hexahistidine tag at the C-terminus could result in folding

prolrlems for the recombinant hAKS, or aggregation of a number of hAKS molecules,

thLrs diminishing enzyme activity.

Finally, the th¡ee amino acid changes resulting from single base changes in the

IrAKS gene sequence may alter the enzyme activity. Table 2 inthe Results section

summarizes the mutations, ærd where they are located within the protein. The HisàThr

change at the residue corresponding to residue 173 of the native hAKS is not expected to

greatly alter structure or activity. In fact, it appears that this residue is Thr i 73, and not

His 173, in a number of species (Matthews et al., 1998). It was discovered upon a NCBI

Protein search that two variants of hAKS exist, one with a Thr at residue 173 (accession:

44850235; GI: 1906011), and a variant with a His at that position (accession:

NP-001114; GI: 4501943). The Genbank sequence encoding the His variant was used to

create the theoretical vector sequence to which sequencing results were compared. The

X-ray crystal structure of hAKS indicates that Thr173 is near the active site, interacting

with Trp4l6 residue in the adenosine-binding site, and that the adenosine binding ability
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01'the erlzyme is in tact. it is unlikely that the possible His)Thr change at 173 is the

caLrse of the lack of activity of recombinant hAKS.

The Tyr)Cys change at the residue corresponding to residue 112 of the native

hAKS might alter protein tertiary structure. The Tyr residue is conserved across species

(Matthews et al., 1998); this does not necessarily suggest relevance in terms of activity

though. However, Cys residues can be involved in disulfide bonds within a protein, or

two protein molecules, in adequately oxidizing conditions. The cytoplasm of cells is

usually not sufficiently oxidizing to encourage the formation of disulfide bonds, but often

tinres extracellular conditions are sufficiently oxidizing to support the formation of

disLrlfide bridges; this mechanism appears to have developed throughout evolution in

order to allow secreted proteins to contend with hostile extracellular conditions and

rnaintain their proper tertiary structures. Therefore, although the Ty,r residue does not

exist near the binding sites for adenosine or Mg-ATPZ-, achangeto a Cys at that position

produces the potential for disulfide bridge formation. If the recombinant hAKS were to

remain in the cytoplasm as native hAKS does, this mutation may be of little consequence.

However, because the recombinant hAKS was designed to be secreted from the

transfected cell, it is possible that extracellular oxidizing conditions could encourage

disulfìde bonds between Cys residues in the native hAKS structure, as well as between

the Cys nrutation and other existing Cys residues in the recombinant hAKS. Such

disulflde bonding could make the hAKS structure more rigid overall, or could alter the

binding site(s) of the enzyme if a disulfìde bond was formed with the Cys123 residue

involved in binding the ribose group of adenosine. However, the AK activity assays

included 2-mercaptoethanol, a reducing agent which should inhibit disulfide bond



92

lonlation in the protein. Therefore, it is unlikely that the Tyrl i2àCys mutation is the

caLrse of the diminished enzyme activity of the recombinant hAKS.

Finally, perhaps of most obvious relevance, is the LeuàPro mutation at the

residue cotresponding to residue 220 of native hAKS protein. Although the Leu is not

conserved across all species, its physical-chemical properties are conserved across

species (Matthews et al., 1998); a similar amino acid could take its place without altering

the protein significantly. However, Pro does not share the physical-chemical properties

of Leu, and so the Leu)Pro mutation may have structural and functional implications.

Pro residues are limited conformationally because of their cyclic nature, and are

sometinres able to introduce kinks into the secondary structure of proteins, and thus could

also alter the tertiary structures. Because Asn223, Glu224, andTIr225 are involved in

hydrogen-bonding or non-specific interactions with the phosphate groups of ATP in Mg-

ATP2-, and becaus e Glu226 is involved in hydrogen-bonding with the Mg of Mg-ATP2-, a

slight charrge in the conformation of amino acid 220 (Leu)Pro) could alter the Mg-

ATP2-binding site significantly, decreasing the stability of the interaction of hAKS with

Mg-ATP2-, and thus diminishing the ability of the enzyme to phosphorylate the bound

adenosine (Matthews et al., 1998). Although the LeuàPro mutation may not result in

strch drastic alterations of enzyme structure and activity, it is one of the many possible

reasons why our recombinant hAKS lacks full kinase activity.

A number of alterations in method could be made in future attempts to produce an

easily isolated, purified, and detected recombinant hAKS. Initially, HEK 293 cells will

be transfected again with pSecTag2 B/AKS plasmid DNA and both media and cytosolic

protein samples will be evaluated for presence of the recombinant protein using westem
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arralysis arld AK activity assays. If the pSecTag2 B/ÃKS vector does encode an inactive

hAKS, efl'orts to con'ect the problem will be undertaken; site-directed mutagenesis will

be performed on the existing pSecTag2 B/AKS plasmid to correct the single base

tnismatches wl-rich cause the Tyr)Cys and Leu)Pro mutations. Transfection of HEK

293 rvith the conected pSecTag2 B/AKS, and subsequent western analysis and AK

activity assays, will be performed in order to determine if the mutations do indeed have a

significant effect on enzyme activity. Should cloning be re-attempted from the beginning

(ie. PCR), it may be wise to forego the N-terminal secretion signal, and instead rely on

other methods for isolating the recombinant protein from the cell, such as column

cltronratography of cytosolic protein from transfected cells. As well, it may be wise to

also eliminate the hexahistidine tag and rely instead on affinity binding columns for

purihcation of the recombinant protein. In light of the number of possible problems

encountered in our attempt to produce a recombinant hAKS, the best choice would seem

to be to clone the hAKS gene sequence (free of mismatch errors) into a vector that

attaclres only an antigenic epitope, like c-myc, to one of the termini. A single antibody-

binding epitope would allow both detection in western analysis and isolation/purification

of the recombinant hAKS using an affinity binding column, or immunoprecipitation, in

wliich tlie antibody would be bound to a solid support.

It would be valuable in ow research, and that of other adenosine laboratories, to

re-attempt production of an easily-manipulated recombinant hAKS until reliable

antibodies directed toward hAKS are available. Such an enzyme, once produced in its

desired forr, would greatly aid the study of the role of AK in the regulation of
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endogetìous adenosine levels, and could be used to further ascertain the regulation of AK

activity by cellLrlar signalling molecules like PKC.
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7. APPENDIX

7.1 The pCR@-BIunt II-TOPO@ Vector
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The above pCR@-BIunt II TOPO@ vector was used for initial insertion of the hAKS PCR

product. Note the Hind III þase276; A*AGCTI) and Xho I (base 376; CTTCGAG)

contained in the vector sequence. As well, note the two EcoR I sites surrounding the

insertion site (bases 325 and343; GvAAffq.
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7.2 The pSecTag2 B Expression Vector

pSrcTag2 ß lllultiplc Clonirry Sirc

cnhanccr rcgion t3' .ndl-l
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=ã =-- =-
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Leu Asn

Pol¡'hi*idinc tag

AGC GCC grc c.A.C CAl CAT CÀT C.ã.7
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GrTT.â.å..ã.CCC cClcATCJtcC CTCCACTqTG CCTTCIAGTT GCCÀGCCATC

L2O2 TGTTGTÎÎGC ECCTCCCCCG

BGH poll' ( A).rddirion sirc

TGCCTTCCTT GACCCTGG.A.4 GGTGCCACTC CCÀCÎGTCCT

ITGC.å.TCGCA ÎTGTCTGAGT åCGÎGT
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A'B'C
5.2 hb

CAAÏ
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Above is the pSecTag? B vector used as the expression vector in cloning hAKS.

Note the Hind III (base 1002; A*AGCTT) and Xho I (base 1072; CTTCGAG) used to

insert the hAKS clone. Also note the Igr leader sequence, c-myc epitope, and

polylristidine tag. The boxed bases (bases 989 - 996) are a variable region designed to

rlrake clonir-rg with the proper reading frame for c-myc and polyhistidine tags more

convenient; the pSecTag2 vector kit came with variants A, B, and C, each of which

possessed a different number of bases in the boxed region (4, 8, and 12, respectively).

Primers were designed to anneal to the T7 promoter and BGH reverse priming sites for

sequencing purposes.


