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ABSTRACT

REGULATION OF ADENOSINE KINASE AND ADENOSINE RELEASE FROM

ENDOTHELIAL CELLS

BY

Kwan—Ki Hwang

Adenosine (ADO) has widespread effects on mammalian

systems. Adenosine kinase (AK) is an important regulator of

extracellular levels of ADO, which exerts its effects via

stimulation of ADO receptors on the cell membrane. In the

present study, we investigated the biochemical mechanisms

involved in regulation. of AK and .ADO release. We used

cultured endothelial cells (EC) as a model system since BC

on the vascular wall are a potentially important source and

target of endogenous ADO.

AK was purified from cow pulmonary artery endothelial

cells (CPAE) anxi rat prostate endothelial cells (YPEN-l),

and the Vmax and Km values for both cell lines were

determined. We evaluated a potential for modification of AK

activity by a specific phosphorylation of the enzyme.

Purified AK from EC is immunoreactive with both

phosphoserine and phosphothreonine antibodies, and the

serine/threonine phosphatase, PPK decreases the activity of



AK purified from EC. We also evaluated effects of different

signaling effectors and inhibitors as pharmacological

probes in order to identify the signaling mechanisms

involved in regulation of AK activity in EC. Three lines of

evidence indicate that the immunosuppressant, FK506

inhibits in situ AK activity in EC. FK506 inhibits uptake

of tracer ADO, enhances release of tracer ADO and reduces

AK activity of a crude membrane fraction of EC. In

addition, FK506 does not inhibit transport of tracer ADO.

Another immunosuppressant (rapamycin), a tyrosine kinase

inhibitor (genistein) and p38 MAPK inhibitor (SB203580)

decreased ADO uptake via inhibition of ADO transport.

Hormones, or the signaling effectors and inhibitors

involved in PKA and PKC pathways or other protein kinases

(MEK and PliK) and phosphatases (PPl and PP2A) did not have

a significant effect on ADO uptake, measured as an index of

AK activity. In conclusion, phosphorylation ijsaa potential

mechanism for regulation of AK activity in EC. The

mechanism of action of FK-SO6 in ADO metabolism is

inhibition of AK, and AK activity associated with the

plasma membrane could be responsible for changes in the

extracellular ADO levels. Therefore, FKSO6 promotes ADO

release from EC knraa novel mechanism involving inhibition

of the AK activity associated with the plasma membrane.
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1 . INTRODUCTION

Adenosine is well known as an important regulator of

vascular tone and cardiac function (Berne, 1980; Shryock and

Belardinelli, 1997). In addition, ADO has immunosuppressive,

anti-inflammatory and anti—thrombotic effects (Bouma et al.,

1997b; Kitakaze et al., 1991). These effects of ADO are

mediated by stimulation of ADO receptors on the cell

membrane, resulting in G protein-coupled signaling cascades

(Olsson and Pearson, 1990). It has been suggested that AK is

an important regulator of extracellular ADO levels. AK

phosphorylates and recycles ADO to AMP, and inhibition of AK

causes a substantial release of ADO from EC as well as from

cardiac myocytes (Decking et al., 1997; Ely et al., 1992,-

Kroll et al., 1993). Although AK has been purified and

cloned from several sources, the biochemical mechanisms that

regulate the enzyme activity are still unknown. Recently, it

has been found that inhibition of cardiac AK can be achieved

by decreasing the phosphorylation level of the enzyme

(Sparks et al., 1998), suggesting that a signaling pathway

is involved in the regulation of AK and ADO release. In the

present study, we used cultured EC as a model system to

study regulation of AK and ADO release. EC play active

roles in vascular tone, inflammation and thrombosis (Liao,

1998; Luscinskas and Gimbrone, 1996). It is also known to



be a potentially important source and target of endogenous

ADO (Mullane and Bullough, 1995). Therefore, the purpose of

the study was to purify and to characterize AK from cultured

EC. We also evaluated the potential for modification of AK

activity by biochemical mechanisms including second

messenger systems, a specific phosphorylation of the enzyme,

and association of the enzyme with plasma membrane in

cultured EC.

1.1. Physiological activities of ADO

ADO is a pmrine nucleoside, which participates in the

regulation of physiological activity in many different

mammalian cells and tissues (Fig. 1). It has widespread

effects on the cardiovascular, nervous, renal and immune

systems (Olsson and Pearson, 1990; Shryock and Belardinelli,

1997). First, ADO has anti—adrenergic effects on the heart.

It has been shown to have negative inotropic, chronotropic,

dromotropic and anti-arrhythmic effects on the heart, and

inhibits sympathetic nerve discharge. These effects reduce

myocardial energy demand and protect the heart under

excessive catecholamine stimulation or oxygen deficiency

(Ely and Berne, 1992; Shryock and Belardinelli, 1997). ADO

also regulates vascular tone in the coronary, cerebral,

splanchnic and renal circulations (Olsson and Pearson,

1990). The adenosine hypothesis of cmmonary vasodilation



was based on the findings that ADO release is increased

during periods of decreased cellular oxygen supply/demand

ratio, such as hypoxia and ischemia. It suggests that ADO

increases coronary blood flow during periods of the

decreased oxygen supply/demand ratio, returning the ratio

toward normal in the heart (Berne, 1980; Sparks and

Bardenheuer, 1986). The main source of ADO in the heart was

found to be cardiac myocytes (Deussen et al., 1986).

Second, ADO has anti—infarct effect of ischemic

preconditioning in several organs including heart, brain and

kidney' (Millar et al., 1996; Sweeney, 1997). Ischemic

preconditioning (a sublethal episode of ischemia) renders

the organ resistant to infarction caused by a subsequent

ischemic insult, and this protective effect is mediated by

ADO (Millar et al., 1996; Thornton et al., 1990). It is

thought that activation of A1 and A3 ADO receptors, PKC and

ATP-sensitive K+ channels confers the protection (Downey et

al., 1993; Wang et al., 1997).

There are four different types of ADO receptors, namely

A4, A3“ ZMB and A3 ADO receptors classified on the basis of

both pharmacological analyses and receptor cloning studies

(Shryock and Belardinelli, 1997). Stimulation of different

ADO receptors modulates the activity of various second

messenger systems via G protein-coupled signaling cascades.

The anti-adrenergic effects of ADO are mediated by A1 ADO



receptors Uh) on cardiac myocytes, which. decrease cAMP

formation, stimulate K7 efflux and inhibit CaT'influx among

their effects. The vasodilatory effect of ADO is thought to

be mediated by stimulation of A2 ADO receptors (G5) on

vascular smooth muscles cells, resulting in an increase of

cAMP formation and a decrease of Ca2+ influx (Olsson and

Pearson, 1990). It has been also reported that ADO

increases release of an endothelium-derived relaxing factor,

nitric oxide (NO), by an ADO receptor—mediated mechanism in

EC (Li et al., 1995).

Recently, the anti—inflammatory and anti—thrombotic

effects of ADO have been emphasized (Bouma et al., 1997b;

Mullane and Bullough, 1995). Many investigators have

identified ADO as an important modulator of neutrophil

functions both in vivo and in Vitro studies. ADO inhibited

adherence of neutrophils to endothelium and generation of

superoxide anions from activated, neutrophils, preventing

endothelial injury and preserving the endothelium—mediated

coronary artery relaxation. A2 ADO receptor stimulation in

neutrophils has been implicated in the mediation of these

anti—inflammatory actions of ADO (Cronstein et al., 1992;

Cronstein et al., 1985; Zhao et al., 1996). It also

inhibited neutrophil degranulation, particularly the release

of elastase, a serine protease via A2 and A3 ADO receptor

stimulation (Bouma et al., 1997a).



In the study of a canine ischemia-reperfusion model in

vivo, A2 ADO receptor stimulation reduced cardiac infarct

size. This protective effect was associated with inhibition

of neutrophil accumulation, superoxide generation and

adherence to the coronary endothelium (Jordan et al., 1997).

Other investigators also found that ADO inhibited neutrophil

function at multiple stages of an adhesion cascade including

the selectin—mediated initial interaction with endothelium

(rolling), the integrin-mediated adhesion (arrest) and

leukocyte transmigration (Grisham et al., 1989; Bouma et

al., 1997b; Bullough et al., 1996; Firestein et al., 1995).

Moreover, ADO has been found to reduce release of several

monocyte pro—inflammatory cytokines, such as TNF—Ot, IL—6

and IL-8 in both in vivo and in vitro studies (Bouma et al.,

1997b).

ADO inhibits platelet aggregation and thrombus

formation (Kitakaze et al., 1991) via. Ag .ADO receptor—

mediated mechanism (Hourani and Cusack, 1991). It also

prevents platelet adhesion to coronary endothelium via both

A1 and A2 ADO receptors. In isolated guinea pig hearts under

ischemia and reperfusion, endogenous ADO released from the

hearts prevented platelet adhesion even in the presence of

thrombin. Both A1 and A2 ADO receptor antagonism blunted

the anti-thrombotic effect of endogenous ADO under these

conditions (Seligmann. et EH“, 1998). Consequently; ADO



exerts beneficial cardiovascular, anti-inflammatory and

anti-thrombotic activities that may provide protection

during ischemia—reperfusion and inflammation.

1.2. Role of AR in.ADO metabolism

The major pathways and enzymes involved in ADO

metabolism are illustrated in Fig. l (Kochan et al., 1994).

One of the major pathways for the formation of ADO is the

dephosphorylation of AMP to ADO catalyzed by 5’-NT. There

are different isoforms isolated from cardiac tissue. One of

these is a membrane-bound ecto-5'-NT, which catalyzes

dephosphorylation of AMP derived from extracellular ATP or

cAMP. In addition, there are two soluble, cytosolic

isoforms, one with a relatively high affinity for AMP and

another with a hdgh affinity for IMP (Kroll et al., 1987;

Minamino et al., 1995; Newby, 1991).

The extracellular level (interstitial or plasma) of ADO

is not only dependent upon its rate of formation but also

its rate of removal by cellular uptake and deamination. The

cellular uptake of ADO is an effective and rapid process in

EC, red blood cells and cardiac myocytes (Nees et al., 1985;

Sparks et al., 1985). ADO is transported across the plasma
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Figure 1. The major pathways and enzymes involved in ADO

metabolism

AK, adenosine kinase; 5’-NT, 5’—nucleotidase; ADA, adenosine

deaminase; MK, myokinase; SAM, S-adenosyl methionine; SAH,

S—adenosyl homocysteine; SAHH, SAH hydrolase; PNP, purine

nucleoside phosphorylase.



membrane through ADO transporters by facilitated diffusion,

and pharmacological inhibition of the transporters leads to

an increase in the extracellular ADO levels (Thorn and

Jarvis, 1996). The major pathways for the removal of ADO

are the rephosphorylation of ADO to AMP by AK (a salvage

pathway) and the deamination of ADO to inosine by cytosolic

and ectoenzyme forms of ADA (a catabolic pathway).

Inhibition of these enzymes also promotes an increase in ADO

levels and potentiates various ADO actions (Olsson and

Pearson, 1990; Shryock and Belardinelli, 1997). ZU< is an

abundant enzyme present in many mammalian cell types

including cardiac myocytes and EC (Kochan et al., 1994). It

catalyzes the phosphorylation of ADO to AMP as well as

several purine nucleosides and analogs to nucleoside

monophosphates, using either ATP or GTP as the phosphoryl

group donor (Lin et al., 1988).

Among the enzymes involved in ADO metabolism, AK is

thought to play an important role in regulating formation

and release of endogenous ADO. Endogenous adenosine

formation can be increased by (a) increased AMP

concentration, (b) activation of S'-NT or (c) inhibition of

AK. Until recently, an increase in, ADO formation was

thought to be mediated via an increase in AMP concentration

and/or activation of 5’-NT (Olsson and Pearson, 1990; Sparks

and. Bardenheuer, 1986). Deking et £11. (1997), however,



provided evidence on the importance of AK in isolated

perfused guinea pig hearts. They found that hypoxia

provoked a 15—20 fold increase in ADO release. Because only

a 3—4 fold increase could be accounted for by ADO formation

directly from AMP, as measured by NMR, they concluded that

most of the increase in ADO release occurred because of AK

inhibition. Furthermore, they have also shown that in the

well—oxygenated heart, more than 90% of ADO formed in the

heart is recycled to AMP via AK. In addition,

pharmacological inhibition of AK by 5'—ITu caused an

increase (15-20 fold) in ADO release in the heart comparable

to hypoxia without a change in cytosolic AMP concentration.

These results provided evidence that there is an active

cycling between AMP and ADO (Kroll et al., 1993). Whether

ADO is formed intracellularly (by cytosolic 5’—NT) or

extracellularly (by ecto—5’—NT), it moves across the plasma

membrane via facilitated diffusion (by ADO transporter) and

is rephosphorylated to AMP by AK. Therefore, inhibition of

AK increases the extracellular ADO level either by

increasing intracellular ADO concentration or by reducing

extracellular ADO uptake (Gorman et al., 1997).
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Figure 2. The active cycling between AMP and ADO

Recentlyy many" investigators have evaluated. the

therapeutic potential of endogenous ADO produced by AK

inhibition in in Vivo and/or in Vitro animal models of

ischemia, epilepsy, nociception and inflammation (Kowaluk et

al., 1998). For example, in the brain, where ADO has

neuroprotective effects, pharmacological inhibition of AK

reduced the infarct size in a rat model of acute brain

ischemia. (a temporary':middle cerebral artery' occlusion).

This protection was observed without a significant change in

other' physiological parameters including' body' weight and

brain temperatures (Jiang et al., 1997; Miller et al., 1996;

Tatlisumak et al., 1998). Several studies have shown that

AK inhibitors also have potent anti—inflammatory effects in

both in vivo and in vitro models. In rat models of septic

shock in Vivo, administration of an AK inhibitor, GP—1—515

10



significantly reduced mortality, and this beneficial effect

was attributed to A2 ADO receptor—mediated endogenous ADO

actions, such as decreased pulmonary neutrophil accumulation

and. decreased. plasma level of TNF—a (Firestein et al.,

1994). Other studies also demonstrated that GP—1—515

reduced neutrophil degranulation (Bouma et al., 1997a), and

neutrophil transmigration and vascular leakage in.;h1 Vivo

skin model of inflammation (Rosengren et al., 1995).

Accordingly, AK is thought to play an important role in

regulating endogenous ADO release, which in turn regulates a

vast array of cellular functions (see Section 1.1). Hence

understanding' the Zbiochemical. mechanisms involved. in

regulation of AK will be important in the development of

therapeutic drugs targeting the adenosine system.

1.3. Regulation of AR

Although AK has been purified and cloned from several

sources (Singh et al., 1996; Spychala et al., 1996),

biochemical signaling mechanisms which regulate the enzyme

activity are still unknown. The long-term goal of this

study is to identify signal transduction systems and

biochemical mechanisms responsible for the regulation of AK

activity.

A survey of human tissues isolated from autopsy

specimens indicated that AK activity is high in brain but is

11



relatively low in skeletal muscle. The level of AK mRNA,

however, is much lower in the brain than that of the

skeletal muscles, and hence other factors regulating the

protein synthesis or enzymatic activity could be postulated

(Snyder and Lmkey, 1982). Other investigators have shown

that stimulation of cultured EC with a Ca”’ ionophore

concentration dependently increases ADO release (Deussen et

al., 1993), suggesting a role of Ca2+ signaling in ADO

metabolism. Induction of HL-60 myeloid and lymphoid cell

differentiation by PMA results in a decrease in AK activity

and mRNA levels (Spychala et al., 1997). In addition, it

has been recently demonstrated that the immunosuppressants

CsA and FK506, which inhibit PP2B (calcineurin), decrease

both ADO uptake and lysate AK activity in T—lymphocytes, and

increase ADO release, further indicating that AK activity

can be regulated by non-energetics-dependent biochemical

mechanisms (Spychala and Mitchell, 1998).

Studies from our laboratory have shown that elevated

inorganic jphosphatee (Pi) concentration. causes independent

allosteric inhibition. of AK. purified from isolated

retrograde perfused guinea pig hearts (Gorman et al., 1997).

Preliminary results, however, indicate that other mechanisms

of AK inhibition exist. When guinea pig hearts were infused

with NE and with NE in the presence of ADO receptor

antagonists 8—SPT or caffeine, or when hearts were made

12



hypoxic, ADO release was increased in excess of what can be

explained by increased cytosolic Pi concentration, as

measured. by NMR. In addition, the activities of AK

purified from hypoxic hearts and hearts infused with NE and

with NE in the presence of 8—SPT or caffeine were

significantly lower than that of the control hearts,

suggesting other mechanisms of AK regulation (Gorman et al.,

1997).

Because reversible phosphorylation is a common

mechanism of enzyme regulation, the authors postulated that

phosphorylation of AK regulates its activity. In line with

that, treatment of purified AK with the serine/threonine

phosphatase (PPM decreased its activity as well as the

threonine phosphorylation level of the enzyme. The same

result was also obtained with hypoxic guinea pig hearts,

where a decreased level in phosphorylation, a decrease in AK

activity and an increase in ADO release compared to the

normal controls were observed (Sparks et al., 1998). To our

knowledge this is the first demonstration of AK being

modified by a phosphorylation, and it is a significant

determinant of AK activity and contributes to the regulation

of myocardial ADO release. To further elucidate the

signaling pathways involved in the modification of AK, we

have used cultured EC as a model system.

13



1.4. vascular endotheliun.and ADO

Recent studies suggest that the vascular endothelium is

a potentially' important site of both. ADO formation and

actions. 'The endothelial cell has all the key' enzymes

involved in ADO metabolism (Kochan et al., 1994). It has

been demonstrated that endothelium makes a significant

contribution (14%) to myocardial ADO release from

Langendoff—perfused guinea pig hearts in normoxia (Kroll et

al., 1987). In fact, removal of endothelium significantly

reduced ADO release from a canine coronary artery and from

an isolated rabbit aorta (Minamino et al., 1995; Sedaa et

al., 1990). The ADO release from EC is also increased under

stress conditions, such as ischemia and hypoxia. For

example, hypoxia and/or ischemia increased ADO release from

EC of isolated perfused guinea pig hearts (Borst and

Schrader, 1991; Deussen et al., 1986). In addition, in

cultured EC, AK inhibition by 5’—ITu also induces a

substantial increase in ADO release, indicating that the

active cycling between AMP and ADO is operating in this cell

type as well as cardiac myocytes (Fig. 2) (Smolenski et al.,

1994).

It has been well known that EC also play an active role

in vascular tone, inflammation and thrombosis (Liao, 1998;

Luscinskas and Gimbrone, 1996). The vascular endothelium

mediates ‘vasodilation kn! releasing' endothelium—derived.

14



relaxing factor NO, endothelium—derived hyperpolerizing

factor and prostacyclin via G protein-coupled receptor

stimulation in EC. It can also produce endothelium—derived

contracting factors including' endothelin, angiotensin II,

thromboxane A2 and superoxide anions (Liao, 1998)

(Vanhoutte, 1997).

In particular, vascular endothelium participates in

localized accumulation of activated leukocytes, which is the

cellular hallmark of inflammation. Vascular endothelium can

be activated by inflammatory cytokines, such as IL-1 and

TNF—a, oxidized low-density lipoproteins, and bacterial

endotoxins, such as LPS. The activated endothelium

facilitates leukocyte—endothelial adhesive interactions via

the cell—surface expression of various adhesion nwdecules:

endothelial—leukocyte adhesion molecules (e.g. E and P—

selectin), intercellular adhesion molecules (e.g. ICAM—1 and

2) and a vascular cell adhesion molecule (e.g. VCAM-l) among

them (Luscinskas enui Gimbrone, 1996). Furthermore,

activated endothelium also produces various leukocyte

chemoattractants, such as monocyte chemotactic protein—l,

IL-8 and pdatelet—activating factor (Springer, 1994).

Therefore, EC can play an active role in an adhesion cascade

by mediating the initial interactions with leukocytes

(rolling), leukocyte adhesion (arrest) and the subsequent

movement across the endothelial junctions (transmigration)

15
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(Luscinskas and Gimbrone, 1996).

In addition to its role in inflammation, activation of

vascular endothelium is an important feature of the

artherogenic process. Sui fact, it has been proposed that

artherogenesis is a result of chronic inflammatory processes

(Liao, 1998). Both leukocytes and blood platelets

contribute to myocardial ischemia-reperfusion injury by.

interacting with activated endothelium and with one another

(Becker et al., 1998; Becker et al., 1996; Gawaz et al.,

1996).

ADO has been known to inhibit neutrophil functions at

multiple stages of the adhesion cascade and to inhibit

platelet functions (see Section 1.1). Since the neutrophil-

mediated endothelial dysfunction and thrombogenesis are an

important feature of ischemia—reperfusion injury, the

beneficial effects of endogenous ADO from EC has been

implicated in organ protection during such conditions

(Mullane and Bullough, 1995). A recent study has shown that

an increase in local endogenous ADO release from EC by AK

inhibition attenuated the adhesion of activated neutrophils

to the EC monolayer in a selectin-dependent manner

(Firestein et al., 1995). ADO has been also shown to reduce

endothelial release of pap—inflammatory cytokines, such as

IL—6 and IL—8 (Bouma et al., 1996). Moreover, endogenous

ADO activates antioxidant defense systems in EC, providing
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cytoprotective effects in a pathophysiological condition,

such as oxygen free radical—mediated reperfusion injury. In

this study, the authors provided evidence that endogenous

ADO increases activities of superoxide dismutase, catalase,

glutathione peroxidase and glutathione reductase in tmwine

and human endothelial cells via A3 ADO receptor—dependent

mechanism (Maggirwar et al., 1994).

1.5. Therapeutic potential of endogenous ADO from BC

The amounts of ADO formed by EC are less than those

derived from parenchymal cells, such as cardiac myocytes in

the heart (Borst and Schrader, 1991). However, its release

at a critical site could be more important than relative

amount because of the strategic location of EC between the

circulation and the vascular wall (Mullane and Bullough,

1995). Intravascular infusion of ADO has been shown to

preserve endothelial function, for example, by interfering

with leukocyte functions during ischemia—reperfusion

(Grisham et al., 1989). Moreover, large size ADO analogs

with their movement restricted. within the vascular

compartment also exhibited many of the beneficial effects of

ADO in the isolated perfused heart including vasodilation,

and negative inotropic and chronotropic effects. And these

effects can be blocked by an ADO receptor antagonist, 8-SPT,

18



suggesting an ADO receptor-mediated mechanism in vascular

endothelium (Balcells et al., 1992).

The therapeutic potential of exogenous ADO or its

analog, however, is limited because of the severe

cardiovascular side effects, such as hypotension and

bradycardia (Belardinelli et al., 1989), and the very short

half-life of ADO (1.5 second at 1 uM exogenous ADO) in the

plasma (Moser et al., 1989). Therefore, drug development

has been focused on an alternative drug, which could

increase endogenous ADO localLy at the target site of its

actions (Bouma et al., 1997b). Endogenous ADO formed by EC

may directly participate in local regulation of blood flow,

anti—inflammation and anti—thrombosis in an autocrine and

paracrine manner (Mullane and Bullough, 1995). In fact, the

capacity of ADO uptake and rephosphorylation by EC is so

effective that it serves as a metabolic barrier for both

interstitial and intravascular ADO at concentrations below 1

uM (Nees et al., 1985). Hence the development of an

endothelium—specific AK—regulating agent that controls

endogenous ADO formation may have therapeutic benefits.

1.6. FK506 and endogenous ADO release

Recent studies have suggested that the

immunosuppressants, CsA, and. FK506 mimic cardioprotective

effects of ischemic preconditioning. CsA has been shown to
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preserve post-ischemic left ventricular function in isolated

rat hearts. Inhibition of the mitochondrial ion pore

opening in the cardiomyocyte has been implicated as a

mechanism of the protection (Duchen et al., 1993). CsA

treatment also preserved myocardial function and NO

production in isolated guinea pig hearts during ischemia—

reperfusion (Massoudy et al., 1997). In addition, both CsA

and its analog FK506 have been shown to reduce post—ischemic

myocardial infarct size in isolated rabbit hearts, and hence

the role of PP2B (calcineurin) is implicated, which is one

of the known targets of both CsA and FK506.

Calcineurin is ea Ca%7calmodulin-dependent protein

phosphatase, which plays an important role in intracellular

Ca2+ signaling and. in cytokine-mediated T—lymphocyte

activation. Calcineurin binds to FKBP12 and inhibits IP3

receptors. Upon. dephosphorylation. of its substrates,

calcineurin unmasks the nuclear localization signal of

cytoplasmic NF-AT transcription factors and activates NF-KB

via inhibition of IKB, allowing the transcription factors to

translocate into the nucleus. Calcineurin also activates

PPl via inhibition of inhibitor-1 and DARP-32, which are

specific inhibitors of PPl (Guerini, 1997; Lee and Burckart,

1998). CsA and FK506 bind to the immunophilins cyclophilin

and FKBP, respectively. The CsA/cyclophilin or FK506/FKBP

complex ibinds to calcineurin and inhibits its activity.
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Inhibition of calcineurin leads to intracellular Ca2+

mobilization” inhibition cflf nuclear‘ translocation. of

transcription factors, such as NF-AT and NF-KB, and

inhibition of PPl (Burkhardt and Kalden, 1997).

It has been recently found that both CsA and FK506 can

induce an increase in ADO plasma levels in kidney transplant

recipients, and. the plasma levels of CsA and, ADO were

closely correlated. The mechanism of action of the two

drugs is not clear but a reduction in ADO uptake by red

blood cells was observed.

ADO also has a potent immunosuppressive effect. It was

found that people with inherited ADA deficiency manifest

severe combined immunodeficiency due to accumulation of

endogenous ADO leading to lymphotoxicity (Hirschhorn, 1995).

In addition, the immunosuppressive effect of ADO can be

mediated by A2,; ADO receptors in T—lymphocytes where ADO

inhibits T—lymphocyte proliferation and functions (Huang et

al., 1997; Koshiba et al., 1997). Therefore, it has been

proposed that endogenous ADO action is implicated in CsA and

FK506—mediated immunosuppression (Guieu et al., 1998).

Since ADO has been well known as a mediator of ischemic

preconditioning (Millar et al., 1996), and it also has anti-

inflammatory and anti-thrombotic effects (Bouma et al.,

1997b; Kitakaze et al., 1991), it is possible that CsA and

FK506—induced cardioprotection was mediated by endogenous
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ADO. In fact, it has been demonstrated that both CsA and

FK506 inhibit ADO uptake and increase ADO release from 1%

lymphocytes (Spychala et al., 1996). In the present study,

we tested a hypothesis that FK506 induces ADO release from

cultured EC via inhibition of AK activity.

1.7. Cell signaling mechanisms

Hormones, growth factors and cytokines through their

respective receptors, activate a series of signal

transduction cascades within the cell, leading to biological

responses, such. as jproliferation, apoptosis and

inflammation. In order to identify signaling mechanisms

involved in AK regulation in cultured EC, we evaluated the

effect of two different hormones that interact through the G

protein—coupled receptors, norepinephrine and thrombin, and

a factor that interacts through a receptor tyrosine kinase,

insulin” We also used several signaling effectors and

inhibitors for different kinases and phosphatases as

pharmacological probes to identify the signaling pathways

(Fig. 4).

The most well—known family of cell surface receptors

are the seven transmembrane spanning receptors coupled to

heterotrimeric G proteins, which act on different effectors,

such as ion channels and enzymes generating second

messengers. For example, norepinephrine can modulate
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endothelial function via stimulation of or and [3-

adrenoceptors . Bz—adrenoceptors (Gs) are coupled to

adenylate cyclase, which forms cAMP upon stimulation. The

subsequent activation of PKA by cAMP reduces the production

of inflammatory mediators from EC (Vanhoutte, 1997). In

addition, stimulation of (headrenoceptor (Gq) induces an

increase in release of ADO and adenine nucleotides

preferentially from vascular endotheliwm in isolated rabbit

aorta (Sedaa et al., 1990).

Thrombin is a coagulation protease, which activates

platelets via.<3 protein-coupled (Gq/Gi) protease-activated

receptors (PARS). PARl is activated by proteolytic cleavage

of its amino—terminus exodomain by thrombin, and it has been

demonstrated in EC that the activated PARl can be

downregulated by internalization. Thrombin and the

activated platelets have been shown to play an important

role in myocardial infarction and thrombogenesis (Coughlin,

1999).

The biological actions of insulin. via its receptor

tyrosine kinase involve PflgK and MAPK pathways. Activation

of the PIjK pathway via insulin receptor substrates 1 and 2

has been shown to increase the endothelial NO production,

which induces vasodilation and reduces various inflammatory

and thrombotic reactions. An insulin—stimulated MAPK has

recently been described (Hsueh and Law, 1999).
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Three parallel MAPK pathways are currently well known,

namely the ERK, JNK and P38 MAPK pathways. Activation of

the MAPK cascade, especially that of the ERK pathway, by

various growth factors is associated with proliferation and

differentiation. in. a :number of cell systems. Cellular

stress, endotoxin, and inflammatory cytokines, such as IL-1

and TNF-a.can activate JNK and p38 MAPK. Activation of JNK

and P38 MAPK: pathways is associated. with apoptosis and

inflammation (Brunet and Pouyssegur, 1997). Also,

inhibitors of P38 MAPK pathway inhibit the pro-inflammatory

effects of various cytokines on EC as well as leukocytes

(Detmers et al., 1998). Because ADO has a potent anti—

inflammatory effect in several systems, we hypothesized that

the inhibition of pro-inflammatory effects by P38 MAPK

inhibitors may be through a decrease in AK activity and an

increase in ADO release.

In summary, ADO has a number of anti-inflammatory and

anti—thrombotic activities. Understanding the mechanisms

involved in the regulation of ADO formation and release

might be helpful for drug development. In that regard, and

also because of the location of EC in the microvasculature,

ADO formed by EC may directly participate in anti—

inflammation and anti—thrombosis. Therefore, the

development of agents that control endogenous ADO release

from EC may have therapeutic benefits with reduced systemic
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side effects of excess ADO or its analogs. Results from our

own laboratory and others have strongly indicated that this

could be achieved by inhibiting AK. Given the fact that AK

can be regulated by phosphorylation, understanding the

signaling' mechanisms of AK regulation in EC will prove

beneficial in the areas of molecular drug targeting.

1.7. Overall and specific hypotheses

Overall Hypothesis:

Regulation of AK by extracellular signals, second messenger

systems and reversible phosphorylation of the enzyme is a

physiologically significant mechanism controlling ADO

formation by cultured EC.

Specific hypotheses:

1. The activity of AK in cultured EC can be modulated by

exposing the intact cells to extracellular signals.

2. The activity of AK in cultured EC can be modulated by

exposing the intact cells to agents, which modulate

second messenger systems.

23.The activity of AK purified from cultured EC depends on a

specific phosphorylation of the enzyme.

aa.Dephosphorylation of purified AK by a specific protein

phosphatase decreases its activity.
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b.The activity of purified AK is correlated with the

degree of a specific phosphorylation when the cells are

exposed to the specific effectors and inhibitors

(Specific hypotheses 1 and 2).

4.The regulation of AK activity is responsible for changes

in ADO release from cultured EC.
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2. MATERIALS AND METHODS

2.1. Cell culture

Cow pulmonary artery endothelial cells (CPAE, ATCC CCL—

209) and rat prostate endothelial cells (YPEN—l, ATCC CRL-

2222) were purchased from American Type Culture Collection

(Rockville, MD). CPAE is a normal cell line with

endothelial cell morphology (Del Vecchio and Smith, 1981).

Cells were grown in Dulbecco's modified Eagles medium (DMEM)

with 20% fetal bovine serum (FBS) and 1% non—essential amino

acids, and passages between 18 and 25 were used for

experiments. YPEN-l is a transformed cell line infected

with adenovirus 12—SV40 hybrid virus (Yamazaki and Pienta,

1995). Cells were grown in minimum essential medium (MEM)

with 5% FBS and 1% non-essential amino acids. Both lines of

cells were serum-starved for 24 hours at confluency before

experiments unless stated otherwise. All the cell culture

media and reagents were purchased from GIBCO BRL (Rockville,

MD).

2.2. Preparation of cytosol and crude membrane fractions

Cytosol and. membrane fractions were prepared using

slight modifications of the methods previously described

(Andres, 1979; Stokoe, 1994). All procedures were carried

out at 4 °C unless stated otherwise. Cells were grown in P—
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100 cell culture plates. Confluent cells were treated with

drugs for 30 min in Hank’s balanced salt solution (HBSS) at

37 °C. After treatment, cells were rinsed twice with cold

phosphate buffered saline (PBS) and homogenized in cold 10

mM tris(hysdoxymethyl)aminomethane (Tris)—HCl using a

Polytron homogenizer. The Tris-HCl solution contained 30 nM

okadaic acid in order to preserve phosphorylation of AK.

The homogenate was centrifuged for 10 min at 1,500 g in

order to remove cell debris and nuclei. The supernatant was

re—centrifuged. for 1 11 at 100,000 gL and. the resulting

supernatant was used as a cytosolic fraction. The pellet

was rinsed twice and resuspended with a hypotonic buffer (10

mM Tris, 10 mM NaCl, 1.5 mM MgC12, pH 7.4), and homogenized

with 30 strokes in a Dounce homogenizer, resulting in the

appearance of a particulate solution, which we call the

crude membrane fraction.

2.3. Purification of AR

We isolated AK using slight modifications of the method

previously described (Andres and Fox, 1979). The cytosolic

fraction was adjusted to pH 6.0 with 0.2 N HCl, then mixed

for 30 min with an equal volume of carboxymethyl—cellulose

resin (Pharmacia) previously equilibrated to pH 6.0 in 10 mM

sodium acetate (NaAc). This suspension was centrifuged, and

the supernatant was mixed with an equal volume of
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diethylaminoethyl cellulose (pH 6.0 in.1J)IMd NaAc) for 30

min. After centrifugation, the supernatant was applied to a

1 ml 5’-AMP-Sepharose 4B affinity column equilibrated to pH

6.0 with 10 mM NaAc. The column was washed sequentially

with 3 ml 10 mM NaAc, pH 6.0; 1 ml 10 mM NaAc/l M KCl, pH

6.0; 1 ml 10 mM Tris-HCl/l M KCl, pH 7.4; 1 ml 0.1 M Tris-

HCl/S mM ATP, pH 7.4; and 1 ml 0.1 mM Tris-HCl/S mM ATP/5 mM

MgC12/5 mM ADO, pH 7.4. The final eluate was filtered

through a Millipore ultrafree 15 filter (10K molecular

weight size exclusion). The residue was resuspended in 10

mM Tris-HCl/S mM ATP/5.4 mM MgCL2(pH 7.4), re-filtered and

frozen at —80 °C until use. Protein concentration of the

enzyme solution was measured with a Bio-Rad kit making use

of the Bradford method.

2.4..Assay of AR activity

Purified. AK. activity' was measured. as generation of

[MC]AMP from [U-”C]adenosine (Amersham, Piscataway, NJ)

(Gorman, 1997). The reaction mixture contained 50 mM Tris—

HCl (pH 7.4), 100 mM KCl, 5 mM ATP, 5.4 mM MgC12, 0.4 mg/ml

bovine serum albumin and appropriate amount of [CF

14C]adenosine (513 mCi/mmol) and unlabelled.PmKL AK sample

was added to the mixture, and the reaction was run for 5 min

at 37 °C. The reaction was stopped by heating at 90 °C for

3 min and chilled on ice for 3 min. AMP generation was
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linear (10—20% of the substrate added) under these

conditions. The sample was centrifuged and assayed by high

performance liquid chromatography (HPLC). HPLC conditions

were designed to isolate adenine nucleotides and ADO. A

Waters C18 Nova—pak column was perfused isocratically at 1

ml/min. with 65% solution. A (0.5% Pic-A, an ion-pairing

reagent) and 35% solution B (70:30 methanol-water).

Fractions of the eluate were collected every 1—2 min and

counted on a liquid scintillation counter. The ADO peak on

the chromatogram was integrated and used to calculate total

ADO concentration, the specific activity and AMP

concentration. .AK activity in the cytosol or membrane

fraction was measured using the same method for the purified

enzyme preparation except 20 “M EHNA and 10 [1M AOPCP were

added in the reaction mixture.

2.5. western analysis

The purified. AK samples were run on a 12% sodium

dodesylsulfate—polyacrylamide gel electrophoresis (SDS-

PAGE), and proteins were transferred to a nitrocellulose

membrane. The membrane was incubated with a blocking buffer

containing 0.1% gelatin in NET buffer (1.5 M NaCl, 0.05 M

EDTA, pH 8.0, 0.5 M Tris, pH 7.5, 0.001% Triton-X100) and

immunoblotted using a primary antiserum to phosphoserine,

phosphothreonine or to AK (Kaufmann et al., 1987). The

31



membrane was washed with NET buffer and incubated with a

horseradish peroxidase—conjugated secondary antibody

(GIBCO). The membrane was washed again and incubated with 3

pl hydrogen peroxide, 90 mM p-coumaric acid (Sigma) and 250

mM 3—aminophthalhydrazide (Fluka) in 0.1 N Tris (pH 8.5, 10

ml) for 1 min. The immunoreactive bands were visualized by

enhanced chemiluminescence.

2.6. ADO uptake assay

ADO uptake was measured using slight modifications of

the method previously described (Deussen, 1993). Cells

were grown in 24-well cell culture plates. After 48—hours

of serum-starvation, confluent cells were pretreated in

triplicate with drugs for 10 min in 450 ul of HBSS in each

well. We then added 50 pl of HBSS containing [2,8—

3HJadenosine (New England Nuclear, Boston, MA; 5-10 nM, 2-4

Ci/mmol), 5 [AM EHNA and unlabeled ADO into the incubation

medium, resulting in a final ADO concentration of 100 nM,

and the cells were pulsed for 30 min at 37 °C. Each well

was then washed twice with cold HBSS containing 100 11M

unlabeled ADO in order to terminate ADO uptake. Cells were

dissolved in 1.4 N perchloric acid and subsequently

neutralized with 1 . 4 N KOH/l . 4 N NaHCO3 . Total
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radioactivity in the solubilized cells was measured using a

liquid scintillation counter.

2.7. ADO release assay

ADO release was measured using the method previously

described with slight modifications for a cell culture

system (Deussen, 1986). Cells were grown in 24-well cell

culture plates. Adenine nucleotide pools of confluent cells

were prelabeled by exposure to [2,8-iH1adenosine (50 nM, 41

Ci/mmol) for 35 min at 37 °C in 250 pl of HBSS containing 5

pM EHNA in order to inhibit ADO deamination. Each well was

then washed three times with HBSS, treated in triplicate

with drugs in 500 pl HBSS containing 5 pM EHNA and incubated

at 37 °C for 30 min. Immediately before the incubation

period, medium from the vehicle—treated samples was

collected from each plate and counted as background. After

incubation, 400 pl of the medium in each well was collected

and total radioactivity was measured using a liquid

scintillation counter.

2.8. ADO transport assay

ADO transport was measured using slight modifications

of the method previously described (Sobrevia, 1994). Cells

were grown in 24-well cell culture plates. Confluent cells
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were pretreated in triplicate with the drugs for 15 min at

22 °C in 250 pl of HBSS in each well. We then added 250 pl

of HBSS containing [2,8-3H]adenosine (100 nM, 41 Ci/mmol)

into the incubation. medium. and.jpulsed. for' 15 s in the

presence of the AK inhibitor, 5’-NDADO (10 pM) in order to

measure only' the transport. component. of .ADO 'uptake (Gu,

1996). ADO uptake was terminated by washing each well twice

with. cold. HBSS containing' an .ADO transporter inhibitor,

dipyridamole (10 pM) to prevent loss of tracer ADO from

cells. Cells were dissolved in 1.4 N perchloric acid and

subsequently neutralized with 1.4 N KOH/1.4 N NaHCO3. Total

radioactivity in the solubilized cells was measured using a

liquid scintillation counter.

2.9. Statistical analysis

Data are presented as means 1 SE. Statistical analysis

was performed with t test for comparison of two groups.

Analysis of variance (ANOVA) was used to compare three or

more groups, followed by the Bonferroni/Dunn’s multiple

comparison procedure. When data were normalized to percent

changes from the control, the Kruskal—Wallis test was used

for comparison of more than two groups. A p value of less

than 0.05 was considered significant.
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3 . RESULTS

3.1. Purification and characterization of AR in cultured EC

AK was purified from both cow pulmonary artery

endothelial cells (CPAE) and rat prostate endothelial cells

(YPEN-l). Purification of AK. was accomplished. by size

selection, ion. exchange and. affinity’ chromatography; The

purification was confirmed by detection of a dominant band

approximately at 40 kDa on a SDS—PAGE gel (Fig. 5A) and a

single band on a Western blot, which was immunoreactive with

a polyclonal AK antibody raised against an antigenic

sequence conserved in both human and rat AK (Fig. 5B). On

the SDS—PAGE gel, the AK band intensity of the purified

sample was greater than 85% of the total band intensity on

the lane, indicating that more than 85% of the proteins in

the purified sample were AK. In terms of the specific

activity (vmax), AK from both cell lines was purified 1900—

fold.

Figure 6 and 7 are double reciprocal plots for the

purified AK activity with ADO as a substrate. The vmax and

Km for ADO of AK purified from cow EC are 236.3:19.7

mol/min/mg and 2.8:0.6 pM, respectively. The Vmax and Km

for ADO of AK purified from rat EC are 608.1:22.3

nmol/min/mg and <0.5 pM, respectively. The Vmax and Km
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values are considerably different between cow and rat AK

even though they were purified by the same method.

Studies from our laboratory indicated that guinea pig

heart AK activity is modulated by threonine phosphorylation

(Sparks et al., 1998). To evaluate the potential for

modification of AK activity in EC by a specific

phosphorylation of the enzyme, we labeled the purified AK on

a Western blot with a phosphoserine (data not shown) or a

phosphothreonine antibody (Fig. 8). The AK is

immunoreactive with both phosphoserine and phosphothreonine

antibodies, indicating that AK from EC contains phosphoryl

amino acid residues as does guinea pig heart AK.

Finally, purified AK from both cow and rat EC was

treated with the serine/threonine phosphatase, PPA in order

to determine a role of the specific phosphorylation in AK

activity. The treatment decreased the activity of AK

purified from EC by 73i1.9% and 67:1.3% for cow and rat AK,

respectively (Fig. 9). The activity after treatment with

PPA was compared to activity after treatment with a

concentration of 5’—Itu (8 pM) capable of >95% inhibition of

AK (Gupta, 1996). The degree of inhibition by PPA treatment

was 89% for CPAE and 68% for YPEN—l of the inhibition by 5’-

ITu.
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Figure 5. Adenosine kinase purified from CPAE.

A. Silver staining of the purified AK sample on a SDS—

PAGE gel.

B. Western blot labeled with an AK antibody.
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Figure 6. Activity of adenosine kinase purified from CPAE.

A double reciprocal plot. Each line represents a separate

experiment (n=5). vmax=236.3i19.7 nmol/min/mg, Km=2.8i0.6

pM for ADO.
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Figure 8. The adenosine kinase purified from CPAE is

immunoreactive with a phosphothreonine antibody.
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Figure 9. The serine/threonine phosphatase, PPR decreases

purified AK activity. CPAE, cow pulmonary artery

endothelial cells; YPEN—l, rat prostate endothelial cells.

PPL, protein phosphatase A; 5'—ITu, 5’—iodotubercidin (8

pM). *, p<0.05 vs. control (n=3).

41



3.2. PKSOG induces ADO release from cultured EC in part via

inhibition of AR activity

3.2.1. ADO release

In order to evaluate the effect of FK506 on ADO

metabolism in EC, we prelabeled adenine nucleotide pools of

YPEN~1 with.3H-ADO and then measured the tracer release into

the fresh medium with and without drug treatment. FK506

significantly increases tracer release from the cells by 72%

(Fig. 10). This increased release is blocked by

dipyridamole, an. ADO transporter inhibitoru ‘We used a

specific AK inhibitor, 5’-NDADO as a positive control for

ADO release from the cells. As expected, 5'—NDADO

substantially increases tracer release (272%), which is also

blocked by dipyridamole. Dipyridamole itself does not

change tracer' release from like cells (Fig. 10). These

results indicate that FK506 induces an increase in .ADO

formation in EC. Furthermore, the increase in ADO formation

is intracellular, and ADO leaves the cells via the

dipyridamole—sensitive purine transporters.

3.2.2. ADO uptake

We used.iH—ADO uptake into EC as an indirect measure of

AK activity in the cells. In preliminary experiments, ADO

and adenine nucleotides in the solubilized cells were
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separated using a Sep—pak cartridge, and the radioactivity

associated. with each fraction. was counted” In control

cells, 92% of radioactivity in the solubilized cells was

associated with adenine nucleotides after 30 min of

incubation at 37 9C in the absence of EHNA, an ADA

inhibitor. This shows the predominant role of AK in ADO

uptake even when the degradation of intracellular ADO to

inosine is a possibility. When testing the effect of FK506

on ADO uptake, we measured.3H-ADO uptake in the presence of

EHNA. This assured that >92% of the observed uptake of 3H-

ADO is due to AK activity.

Cells were treated with FK506 following the protocol

described in the Methods section and using a concentration,

which has been previously demonstrated not to induce

endothelial dysfunction in a similar preparation (Benigni et

al., 1992). After cells were pulsed with 3H—ADO for 30 ndn

under FK506 treatment, we measured the tracer level in the

solubilized cells. In both YPEN-l and CPAE, FK506 decreases

ADO uptake into the cells in a concentration-dependent

manner (Figure 11 and 12). In control cells, ADO uptake

rates are 0.5i0.04 and 1.8:0.05 pmol/min/lO6 cells for YPEN—

1 and. CPAE, respectively. In. YPEN—l, FK506 at

concentrations of 3 pM. and. higher is effective; it is

slightly less potent in CPAE. An ADO transporter inhibitor,

dipyridamole at 10 pM inhibits the ADO uptake into EC by
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90%. In separate experiments, CsA also decreased ADO uptake

into CPAE at concentrations of 10 pM and higher (Fig. 13).

FK506 is more potent than CsA.

In order to evaluate a potential mechanism of action of

FK506 in ADO uptake in EC, we used another immunosuppressant

rapamycin, which is known to be a competitive inhibitor of

the FK506 action on calcineurin (Bierer et al., 1990).

However, we found that rapamycin also significantly

decreases ADO uptake into both YPEN-l and CPAE in a

concentration—dependent manner (Fig. 14 and 15). This

result suggests that there is a mechanism, which does not

involve calcineurin, because rapamycin does not inhibit

calcineurin.

3.2.3. AK Activity

The uptake data strongly suggest that FK506 inhibits AK

activity in intact EC. If AK activity is inhibited by its

dephosphorylation, it should be possible to observe

decreased. activity' of AK. purified from. cells previously

treated with FK506. In addition, AK activity in a cytosolic

fraction should be decreased by previous treatment of the

intact cells with FK506. However, FK506 pretreatment does

not change the activity of AK purified from the cytosol of

YPEN-l (Fig. 16). Furthermore, neither FK506 nor rapamycin
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pretreatment changes the activity of AK in the cytosolic

fraction of the cells (Fig. 17).

It seems possible that a cellular fraction of AK, which

modulates uptake of ADO, is associated. with the plasma

membrane. In this case, FK506 might have no effect on total

AK or in cytosolic AK, while inhibiting the activity of

membrane—associated AK. Therefore, we tested a new working

hypothesis that the activity of AK in cultured EC depends on

the activity of the enzyme associated with the cell membrane

fraction. YPEN—l cells were treated with FK506 using the

same protocol as in previous experiments. Following

treatment, a crude membrane fraction was prepared, and AK

activity was measured as described in the Methods section.

Indeed, FK506 significantly decreases the activity of AK by

35% in the crude membrane fraction (Fig. 18). When cells

were treated with rapamycin using the same protocol, no

effect in AK activity of the crude membrane fraction was

observed.
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Figure 11. FK506 decreases adenosine uptake into YPEN—l

(n=3). DIPY, dipyridamole (10 pM). *, p<0.05 vs. control.
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Figure 13. Cyclosporin A decreases adenosine uptake into

CPAE (n=3) . *, p<0.05 vs. control.
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(n=3). 5’—ITu, 5’—iodotubercidin (10 pM). *, p<0.05 vs.

control.
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Figure 18. FK506 decreases adenosine kinase activity in the

crude membrane fraction of YPEN—l. The membrane fraction

was isolated after the intact cells were previously exposed

to FK506 (10 pM, n=6) or rapamycin (10 pM, n=5) for 30 min

at 37 °C. Control, n=9. *, p<0.05 vs. control.
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3.3. Effects of cell signaling effectors and inhibitors on

ADO uptake and ADO transport in cultured 8C

3.3.1. ADO uptake

We further evaluated a potential signaling mechanism

involved in AK inhibition induced by FK506. Because FK506

as well as rapamycin and CsA have been shown to modulate

MAPK pathways, we tested effects of the specific inhibitors

for the MAPK pathways on ADO uptake in EC. In each case,

cells were treated with a MAPK inhibitor following the

protocol described in the Methods section and using a

concentration, which has been previously demonstrated to be

effective in a similar preparation (Laird et al., 1998).

ADO uptake was used as a proxy for AK activity in these

experiments. We found that a tyrosine kinase inhibitor,

genistein decreases ADO uptake into YPEN-l (Fig. 19). 'Phe

specific p38 MAPK inhibitors, SB203580 and SB202190 also

decrease ADO uptake in a concentration—dependent manner

(Fig. 20). The inhibitors for MEK, PD098059 and for PI3K,

wortmannin do not change ADO uptake.

3.3.2. Cytosolic and crude membrane fraction AK activity

Since genistein and SB203580 inhibit ADO uptake

presumably by effects on a tyrosine kinase and the p38 MAPK

pathway, we wanted to know if they affected the activity of
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cytosolic and/or membrane fraction AK. To test the

possibility, YPEN-l cells were treated with genistein or

SB203580 according to the protocol described in the Methods

section. Cell fractionation was carried out as described

above. These drugs had no effect on either cytosolic (Fig.

21) or crude membrane fraction (Fig. 22) AK activity. In

addition, SB203580 had no effect on the activity of AK

purified from the cytosol of YPEN-l (Fig. 23)

3.3.3. ADO transport

Pretreatment of cells with three of the drugs

(rapamycin, genistein and SB203580) which inhibit ADO uptake

into EC has no effect on cytosolic or membrane fraction AK

activity. A possible explanation for this is that their

effects on ADO uptake result from inhibition of ADO

transport, not from inhibition of AK activity. To test this

possibility, we observed their effect on initial uptake of

tracer ADO as described in the Methods section.

Dipyridamole at aa concentration, which completely inhibits

the dipyridamole—sensitive purine transporters, was used as

a positive control (Fig. 24). Genistein (100 pM) is almost

as effective as dipyridamole in inhibiting ADO transport.

Rapamycin and SB203580 are also effective in reducing ADO

transport.
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3.3.4. ADO release

Inhibition of ADO uptake by rapamycin, genistein and

SB203580 is not likely to be the result of AK inhibition

because these drugs have no effect on cytosolic or membrane

fraction AK activity. Instead their effect on ADO uptake

can be explained by inhibition of ADO transport. ADO

release experiments provide another way to distinguish

between effects on AK activity and ADO transport. Agents,

which inhibit AK activity, cause an increase in ADO release.

Agents, which inhibit ADO transport, decrease or have no

effect on ADO release. They can have no effect on ADO

release when the control release is extremely low, as is the

case in the EC studied here. When YPEN—l cells were treated

with the above-mentioned drugs, they had no effect on ADO

release (Fig. 25). Dipyridamole at a concentration known to

block ADO transport, also had no effect (Newby, 1986). By

contrast, the AK inhibitor (5'—NDADO), and. FK506, which

inhibits membrane fraction AK activity, both increase ADO

release (Fig. 25).
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Figure 19. A tyrosine kinase inhibitor, genistein decreases

adenosine uptake into YPEN—l (n=3). *, p<0.05 vs. control.
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fraction of YPEN—l previously exposed to the different
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Figure 22. Activity of adenosine kinase in the crude

membrane fraction of YPEN—l previously exposed to the

different drugs. Control, n=9; FK506 (10 pM), n=6; rapamycin

(10 pM), n=5; genistein (100 pM), n=4; SB203580 (10 pM),
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Figure 25. Adenosine release from YPEN-l under the different

drug treatments (n=4 or 5). FK506 (10 pM); rapamycin (10

pM); genistein (100 pM); SB203580 (10 pM); dipyridamole (10

pM). *, p<0.05 vs. control.
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3.4. Other signaling pathways

We also evaluated effects of three different hormones,

and several signaling effectors and inhibitors as

pharmacological probes to identify the signaling pathways

involved in AK regulation using the ADO uptake assay for a

screening purpose. The (x and B-adrenergic agonist

(norepinephrine) and a receptor tyrosine kinase agonist

(insulin) did not change ADO uptake into YPEN-l (Fig. 26).

Another G protein-coupled receptor agonist, thrombin did not

change ADO uptake into CPAE (Fig. 27). The adenylate

cyclase activator (forskolin) and a PKA inhibitor (H—89) did

not change ADO uptake into the cells (Fig. 28). The

activator of PKC (PMA) and an inhibitor of PKC (Ro—31—8220)

did not change ADO uptake into the cells (Fig. 29). Sodium

orthovanadate (an inhibitor' of ;protein tyrosine

phosphatases) and okadaic acid (a potent inhibitor of PP1

and/or PP2A at the concentrations used) did not have a

significant effect on ADO uptake into YPEN—l (Fig. 30).

Anisomycin, an activator of JNK and p38 MAPK and an

inhibitor of protein synthesis did not have a significant

effect in CPAE (Fig. 31). Finally, we found that a calcium

ionophore A23187 decreased ADO uptake into CPAE at

concentrations of 3 pM and higher (Fig. 32). These results

are summarized in Table 1.
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Figure 26. Effects of norepinephrine and insulin on

adenosine uptake into YPEN—l (n=3).
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Table 1. Effects of different signaling effectors and

inhibitors on ADO uptake.

 

 

 

 

 

 

 

 

Effect Type CPAE and/or YPEN—l

Activation None

Inhibition Immunosuppressants: PP2B CsA

FK506

-MW- Other' Rapamycin

MAPK pathway Genistein

SB203580, SB202190

Calcium signaling A23187

No effect Receptor agonists Norepinephrine

Thrombin

Insulin

PKA pathway: activator Foskolin

8—Br—cAMP

_____ inhibitor Ro-3l-8220

PKC pathway: activator PMA

inhibitor H-89

 

 

 

 

Kinase inhibitors PD098059

‘ Wortmannin -1

Phosphatase inhibitors Sodium orthovanadate

Okadaic acid

Stress Anisomycin

Lipopolysaccharide

73



4. DISCUSSION

4.1. Purification and characterization of AR in cultured EC

Adenosine kinase was purified from both cow pulmonary

artery endothelial cells (CPAE) and rat prostate endothelial

cells (YPEN—l). When we compared the purified AK activities

of cow and rat EC and that of guinea pig heart AK purified

by the same method, the Vmax and Km values were considerably

different among them. The vmax values for cow and rat AK

were 14 and 36 times higher than vmax of guinea pig heart

AK, respectively, and the Km values were 1/5 and 1/65 of Km

of guinea pig heart AK, respectively (Gorman et al., 1997).

We then compared Km values of purified AK from several

different species and tissues in the literature (Table 2).

The Km of AK of cow EC was similar to that of cow liver, and

the Km of AK of rat EC was similar to those of rat heart and

liver. The Km of guinea pig heart was similar to that of

guinea pig liver. These results suggest that AK activity is

species-specific.

AK has been purified and cloned from several sources.

The sequence analyses have revealed that AK contains

significant sequence similarities to microbial sugar kinases

such as ribokinase and fructokinase (Singh et al., 1996;

Spychala et al., 1996).
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It appears that activity of AK is modulated by

phosphorylation. Studies in isolated guinea pig and rat

hearts have indicated that purified AK contains

phosphothreonine residues, phosphorylation of AK is altered

under hypoxic condition, and the activity closely correlates

with the degree of threonine phosphorylation of the enzyme

(Sparks et al., 1998). In line with that, the purified AK

from EC also contains phosphoserine and phosphothreonine

residues (Fig. 8). The serine/threonine phosphatase, PP1

decreased the activity of AK purified from BC as well as the

rat heart AK (Fig. 9). In addition, a sequence analysis

(PROWL) of both human and rat AK revealed that AK contains

4—5 putative PKC phosphorylation sites ([ST]—x-[RK]) and 2—3

putative casein kinase II phosphorylation sites ([ST]—x(2)—

[DE]). These results suggest that the serine/threonine

phosphorylation is an important determinant of AK activity

in EC as well as cardiac myocytes. However, we were not

able to identify physiological or pathophysiological

interventions that can change the phosphorylation level of

AK in EC.

4.2. FK506 inhibits AK activity in cultured EC

Three lines of evidence indicate that FK506 inhibits in

situ AK activity in cultured EC. FK506: (a) inhibits uptake

of tracer ADO (Fig. 11 and 12), (b) enhances release of
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tracer ADO (Fig. 10) and (c) reduces AK activity of a crude

membrane fraction of EC (Fig. 18). In addition, FK506 does

not inhibit transport of tracer ADO (Fig. 24). Each of

these lines of evidence is evaluated below.

We used ADO uptake as a screening tool to establish the

possibility that FK506 inhibits in situ AK activity. We did

this because our own preliminary experiments, as well as

work from other laboratories indicated that it is extremely

unlikely that AK could be inhibited without an inhibition of

ADO uptake. In preliminary experiments, we found that when

cultured EC are exposed to extracellular 3H—ADO, more than

90% of 3H—ADO taken up into EC is in the form of adenine

nucleotides. This means that AK predominates over ADA in

providing the major pathway for ADO metabolism, once ADO

enters the cell. This result is comparable to previous

observations in human and porcine EC in culture (Shryock et

al., 1988; Smolenski et al., 1994; Sobrevia et al., 1994).

In fact, the role of ADO deamination in cultured BC was

small even at high concentrations of ADO (10 pM) in the

incubation medium (Sobrevia et al., 1994). Nevertheless, we

included an inhibitor of ADA, EHNA in all uptake and release

experiments. so that the sole intracellular sink for .ADO

would be via AK.

This is not to say that ADA may not be important in ADO

actions in other contexts. Among other roles of ADA, ecto—
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ADA is involved in cell signaling via enhancing A1 ADO

receptor-mediated second messenger production (Ciruela et

al., 1996). An ADA inhibitor deoxycoformycin prevented the

interaction between the ecto-ADA and A1 ADO receptor (Saura

et al., 1996).

FK506 induces an increase in ADO release after the

adenine nucleotide pools of cultured EC are prelabeled with

3H—ADO (Fig. 10). Because an ADA inhibitor, EHNA was added

during both prelabeling and release periods, the elevated

tracer in the medium cannot be inosine or its metabolites.

Other investigators have shown that EC can also release

adenine nucleotides and cAMP and can form extracellular ADO

via extracellular dephosphorylation of AMP by ecto—5'—NT

(Borst and Schrader, 1991; Deussen et al., 1993; Kroll et

al., 1987). However, in our experiment, the purine

transporter inhibitor, dipyridamole blocked the increase in

tracer release in response to FK506. Adenine nucleotides

and cAMP do not leave cells via the dipyridamole—sensitive

purine transporter (Thorn anui Jarvis, 1996). Therefore,

intracellular ADO is the only source for tracer found in the

incubation medium in our release experiments.

Intracellular ADO has three possible fates: (a)

phosphorylation to AMP, (b) deamination to inosine and (c)

exit from the cell by a purine transporter. When AK is

inhibited, the importance of the other two pathways will be
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increased. Thus, AK inhibition is expected to result in

increased ADO release (Decking et al., 1994). Indeed, the

AK inhibitors used in our experiments uniformly increase ADO

release, as does FK506 (Fig. 10).

Pretreatment of cultured EC with FK506 did not cause

inhibition of purified AK or AK activity of the cytosolic

fraction. However, FK506 causes a decrease in membrane

fraction AK activity of cultured EC (Fig. 18). This finding

raises the possibility that FK506 acts either by decreasing

the activity of AK associated with the plasma membrane (e.g.

dephosphorylation), or by translocating membrane AK to the

cytosol. If the latter is the case, one might expect to see

a reciprocal change in cytosolic AK activity when membrane

AK activity changes. However, cytosolic AK activity is so

much greater than membrane AK activity that changes in the

cytosolic AK activity due to transfer to or from the

membrane would be impossible to detect (Fig. 17).

In order to determine activity of AK associated with

the plasma membrane of cultured EC, we used a crude membrane

fraction according to the method previously described. This

method. has been used. to measure activity' of a protein

kinase, Raf translocated to plasma membrane (Stokoe et al.,

1994). This fraction also contains mitochondria and

microsomes. However, we believe that it is likely that AK

activity is associated. with plasma membrane. Spychala
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recently found a detectable amount of AK activity in a

plasma membrane fraction isolated from lymphocytes. The Km

of AK in the membrane fraction was 2—6 times lower than that

of AK in the cytosolic fraction, suggesting a nmdification

of AK associated with plasma membrane. It is possible that

AK associated with plasma membrane would be easily

accessible to both adenine nucleotide pools and ADO

transporters on the cell membrane (personal communication).

There is no evidence that mitochondria or microsomes contain

AK.

Recently, Spychala and Mitchell (1998) also observed a

decrease in AK activity in T lymphocytes in response to CsA

or FK506 although the change in activity was observed in the

cell lysate preparation. The drugs did not change the

activity of AK in pmrified recombinant enzyme preparations

or when the drugs were directly added to the cell lysates.

These results also indicate that CsA and FK506 promote ADO

release by a novel mechanism involving inhibition of the AK

activity (Spychala and Mitchell, 1998). Further studies are

required to evaluate the biochemical mechanism involved in

FK506-induced inhibition of AK associated with the membrane.

In summary, it appears that drugs like FK506 and CsA

may act in novel ways to elevate extracellular ADO levels.

Therefore, it has been proposed that endogenous ADO action

is implicated in FK506 and CsA—mediated immunosuppression
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(Guieu et al., 1998). In addition, the anti-inflammatory

effect of aspirin is also in part mediated by endogenous ADO

action. In a murine air pouch model of acute inflammation,

aspirin induced an increase in ADO level at the inflamed

site, and the anti—inflammatory effects (e.g. leukocyte

accumulation) of aspirin were blunted by removal of ADO or

In ADO receptor antagonism. Moreover, this effect of

aspirin was retained in cyclooxygenase—2 or NFKB knockout

mice, indicating an endogenous ADO-dependent mechanism

(Cronstein et al., 1999a; Cronstein et al., 1999b). The

effects of elevated ADO are discussed below.

4.3. The role of ADO in preventing the toxic effects of

PK506 and CsA

In long-term use, both CsA and FK506 cause

nephrotoxicity and hypertension in organ transplant

recipients (Ader and. Rostaing, 1998; Sander and ‘Victor,

1995). Because FK506 exhibited a similar toxicity profile to

that of CsA, inhibition of calcineurin, the same

intracellular target of both drugs is implicated to mediate

the toxicity (Sander and Victor, 1995). This is opposite to

what we may expect from the effects of elevated ADO levels

in response to these drugs. It is thought that the drug-

induced toxicity may be due to desensitization of ADO

receptors after prolonged exposure to elevated levels of ADO
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(Guieu et al., 1998). Several studies have indicated that

ADO receptor antagonism reduced chronic CsA-induced

nephrotoxicity (Ates et al., 1996; Bennett et al., 1992;

Carrier et al . , 1993) . In an animal model of cerebral

ischemia, acute administration of an A1 ADO receptor

agonist, bU-cyclopentyladenosine (CPA) improved both

survival and neuronal preservation, and acute treatment with

A1 ADO receptor antagonist, 1,3—dipropyl—8—

cyclopentylxanthine (CPX) significantly deteriorated the

outcome. In contrast, chronic administration of CPA did not

have a significant effect but chronic CPX treatment resulted

in a significant improvement in the outcome, suggesting an

Ad ADO receptor desensitization due to prolonged exposure to

the ADO agonist (Von Lubitz et al., 1994). Recent studies

have demonstrated the agonist—induced desensitization for

A1, Am“ IVE and Ag ADO receptor subtypes (Palmer and Stiles,

1997). Our findings in regulation of membrane AK activity

may explain the mechanism by which extracellular ADO levels

are elevated in response to FK506 and CsA.

4.4. Effects of cell signaling effectors and inhibitors on

ADO uptake and ADO transport in cultured EC

We had hoped that the drugs rapamycin, genistein and

SB203580 could be used as tools to explore the pathway by

which FK506 exerts its effect on AK. Initially, we were
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encouraged. by the fact that all three of these agents

inhibit ADO uptake (Fig. 14, 15, 19 and 20). However,

further experiments indicated that these agents do not act

on ADO uptake by inhibiting AK activity. They (a) have no

effect on cytosolic or membrane fraction AK activity, (b)

have no effect on ADO release and (c) inhibit ADO transport

into EC (Fig. 24).

Transport of ADO was measured by observing the first

seconds of uptake of tracer ADO in the presence of an

inhibitor of AK activity, 5'—NDADO. This means that

radioactivity associated with the cells gives a measure of

ADO entering the cells. The portion of this accumulation

blocked by dipyridamole gives an indication of the activity

of the dipyridamole—sensitive purine transporter. Genistein

was almost as effective in blocking ADO transport as

dipyridamole, and both rapamycin and SB203580 had

substantial activity (Fig. 24).

In the present study, the mechanism of actions of these

drugs on ADO transporters was not explored. It could be

either non-specific effects of the drugs on ADO transporters

or a cell signaling—mediated effect. It has been shown in

cultured chromaffin cells, secretagogues, such as

acetylcholine and nicotine, and PKC activators inhibited ADO

uptake into the cells via downregulation of high affinity

ADO transporters (Delicado et al., 1991). In addition, ADO
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transport was decreased in cultured EC isolated from

gestational diabetic patients. Given the fact that diabetes

manifest some forms of endothelial dysfunction, the role of

ADO metabolism in this disease was implicated (Sobrevia et

al., 1994).

Another enzyme involved in ADO metabolism, ecto-5’-NT

was shown to participate in harnessing the beneficial

effects of endogenous ADO both in vivo and in vitro models

of acute inflammation. The anti-inflammatory' effect of

methotrexate and sulfasalazine, commonly used drugs in

rheumatoid arthritis was mediated by the elevated

extracellular level of ADO formed via ecto—5’-NT (Morabito

et al., 1998). This enzyme was also shown to be activated

in canine coronary arteries during hypoxia via activation of

PKC (Minamino et al., 1995). In our experimental settings

for 3H—ADO uptake and release, however, it might not be

possible to detect any change in 5’—NT activity.

The a and B-adrenergic agonist, norepinephrine did not

have a significant effect on ADO uptake (Fig. 26). It has

been shown that an. (n-adrenergic agonist, methoxamine

induced an increase in both adenosine and adenine

nucleotides preferentially from EC in segments of rabbit

thoracic aorta (Sedaa et al., 1990). In cultured EC from

porcine thoracic aorta, however, norepinephrine did not have

a significant effect on the purine release (Borst and

Schrader, 1991). These results may indicate that EC in
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culture behaved differently in response to norepinephrine

stimulation or the receptor-transduction system in the cells

was not functional. Thrombin also has shown to induce an

increase in the pmrine release from cultured human EC and

porcine thoracic aorta EC, and enhanced membrane

permeability is implicated as the mechanism (Deussen et al.,

1993; Lollar and Owen, 1981) although our study in CPAE did

not show a significant effect on ADO uptake.

Calcium ionophore A23187, which is known as a potent

stimulus of nitric oxide formation in EC (Bassenge and

Heusch, 1990), decreased. ADO uptake into CPAE at

concentrations of 3 1nd and higher (Fig. 32), suggesting a

role of calcium signaling in regulation of AK or ADO

transporters. This result agrees with that in cultured

porcine thoracic aorta EC where A23187 increased adenosine

release although enhanced membrane permeability and the

extracellular dephosphorylathmn of adenine nucleotides are

implicated as the mechanism (Deussen et al., 1993). A

number of signaling effectors and inhibitors for PKA, PKC

and MAPK pathways, and kinase and phosphatase inhibitors

tested did not have a significant effect on ADO uptake.

These results suggest that at least these signaling pathways

may not be involved in regulation of AK and ADO transporters

in EC. Further studies are required to identify the exact

signaling mechanism involved in regulation of AK in EC.
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5. SUMMARY AND CONCLUSIONS

5.1. Summary

5.1.1. AK was purified from both cow pulmonary artery

endothelial cells (CPAE) and rat prostate endothelial cells

(YPEN—l). The identity of purified AK (40 KDa) was

confirmed by labeling the enzyme with an AK antibody.

5.1.2. The Vmax and Km for adenosine of purified AK from

CPAE and YPEN-l were determined.

5.1.3. The purified AK was immunoreactive with phosphoserine

and phosphothreonine antibodies.

5.1.4. The activity of AK purified from EC was decreased by

73i1.9% and 67i1.3% for cow and rat AK, respectively after

treatment with the serine/threonine phosphatase, PP1.

5.1.5. The immunosuppressant, FK—506 increased ADO release

from EC.

5.1.6. FK—506 decreased. .ADO ‘uptake into EC in a

concentration-dependent manner.
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5.1.7. The activity of AK in the crude membrane fraction of

EC was decreased by previously exposing the intact cells

with FK-506 .

5.1.8. Another' immunosuppressant, rapamycin.idecreased..ADO

 

uptake into EC as a result of ADO transport inhibition. Fm

1

5.1.9. The p38 MAPK inhibitors, SB203580 and 33202190 and a }

l

tyrosine kinase inhibitor, genistein also decreased ADO y

uptake into EC as a result of ADO transport inhibition.

5.1.10. Hormones, or the signaling effectors and inhibitors

involved in PKA and PKC pathways or other protein kinases

(MEK and PIyK) and phosphatases (PP1 and PP2A) did not have

a significant effect on ADO uptake, measured as an index of

AK activity.

5.2. CONCLUSIONS

5.2.1. The serine/threonine phosphorylation is a: potential

mechanism for regulation of AK activity in EC.

5.2.2. A potential mechanism of action of an

immunosuppressant, FK—506 in ADO metabolism is inhibition of

AK in EC.
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5.2.3. AK activity associated with the plasma membrane could

be responsible for changes in the extracellular ADO levels.
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