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Abstract-Theophyihrre, caffeine, isobutylmethy~anthine, papaverine, ~6-cy~lohe~laden~si~~, iV- 
alfyl-,V-cyclohexyladenosine (ACHA) and A%-phenylisopropyladenosine (L-PIA) inhibited the trans- 
port of adenosine, uridine and hypoxanthine in Novikoff rat hepatoma cells. The ICSO values for the 
inhibition of uridine transport ranged from 5 @4 for ACHA to 3200 @!A for caffeine and were inversely 
pro~rtion~ to the lipid s~lub~ity of the inhibitors. L-PIA and papaverine in~bited uridine influx in a 
non-competitive manner, having a greater influence on the Micha~ii~Menten constant than on maximum 
velocity, just as observed previously for the inhibition of nucleoside transport by dipyridamole and 
hypoxanthine. [~H]L-PIA rapidly accumulated in Novikoff cells at 25” to about five times higher 
levels than present extracellularly. The initial rates of L-PIA uptake were directly proportional to its 
extracelhrlar concentration between 0.01 and 240 &I and not affected by structurally related analogs, 
methy~antbines, papaverine, ~p~idamole, or 2 mM uridine, but were dependent on temperature. We 
conclude that L-PIA inhibits nucleoside transport in these ceils without being sign~~ntly transported 
by the carrier, that it eq~librates rapidfy across the plasma membrane without carrier mediation 
consistent with its l~pop~~~~ty, and that it accumulates concentratively in cells due to partitioning into 
membrane lipids and binding to intracellular components. 

Adenosine (Ado) has many physiological functions. 
Some of these, such as the inhibition of lipolysis 
in fat cells, coronary vasolidation, and inhibitory 
modtdation of neuronal activity, are mediated by 
its binding to adenyl cyclase-coupled cell surface 
receptors fl-6). Non-metabo~izable, lipophilic ana- 
logs of Ado such as ~-~(-)-l-methyl-2-pheny~- 
ethyladenos~ne {generally referred to as M-L- 
pheny~sopropy~adenosine or L-PIA), ~-cyc~ohexyi- 
adenosine (CHA) and ~~~-ethyi~arbox~~do- 
adenosine (NECA) have been very useful in iden- 
tifying different receptors and assessing the kinetics 
of binding [l-6]. 

At least two receptors have been imported in 
these functions in various cell types. Binding to one 
receptor (Ra) enhances adenyl cyclase activity, 
whereas binding to a second receptor (Ri) inhibits 
its activity. Binding of the Ado agonists to both 
receptors is strongly inhibited by various methyixan- 
thines which, in most cases, is correlated with an 
inhibition of the physiolo~ca~ effects of the agonists. 

Binding of the agonists and its in~bition by the 
~tagon~ts are generally assessed with partiatiy 
purified cell membrane fractions. Little, however, 
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is known as to the extent that the agonists and antag- 
onists interact with the nucleoside transporter pres- 
ent in membranes of most mammalian cells (for 
example, various types of cultured celis possess about 
I@ carriery’cell; Refs. 7-9). Some lipophihc nucleo- 
side analogs, such as nitrobenzylthioinosine (NBTI), 
bind to the nucleoside carrier with as high an affinity 
fKD - 1 nM; Refs. f3-10) as the agonists to the Ado 
Rr receptor. On the other hand, ~eophy~~i~e has 
been found to inhibit the uptake of nucleosides and 
hypoxanthine (Hyp) by cultured mammalian cells 
[ll-141. Indirect evidence suggested that the inhibi- 
tory effects were mediated at the level of their trans- 
port into the cell. In the present study we have 
confirmed this conclusion by directly determining the 
effects of various methylxanthines on the transport of 
Ado, uridine (Urd) and Hyp in variants of Novikoff 
cells in which substrate phosphoryiation was blocked 
by a deficiency in the appropriate phosphor~~ating 
enzymes, We aIso show that agonists of the Ado 
receptors are potent inhibitors of nucleoside and 
Hyp transport, compare their effects to those of 
papaverine and dipy~d~o~~, and relate the potency 
of inhibition to the lipid solubihty of these sub- 
stances, We also have studied the interaction of 
radiolabeled L-PIA with these cells. 

Cell culture. Sublines of Novikoff rat hepatoma 
cells deficient in Ado kinase (l-22; Ref. 15), uridine 
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kinase (1-14-7: Ref. 16) or Hyp phosphoribosyl- 
transferase (l-9: Ref. 17) were propagated in suspen- 
sion culture as described previously. 

~~~~~~~~~e and Hjlp ~~~~~~or~. Substrate transport 
was measured as described previously [l&-20]. Time 
courses of transmembrane equilibration of radio- 
labeled substrates were determined under zero-tr’ans 
conditions by rapid kinetic techniques with suspen- 
sions of (I-3) x lo7 cells/ml of a basal medium. An 
integrated rate equation describing the nucleoside 
carrier with directional symmetry and equality of 
movement of empty and nucleoside-iaaded carrier 
was fitted to the data [19,20]: 

where & = concentration of intracellular substrate 
at time t; S1 = extracellular concentration of sub- 
strate; K = Michaelis-Menten constant; and V = 
maximum velocity. 

Qctanol partition coeficient (K,,,). K,, was deter- 
mined for Ado, 2’-, 3’- and 5’-deoxyadenosine and 
L-PIA using radiolabeled substrates as described pre- 
viously 1211. For unlabeled substances the procedure 
was modified as follows. Samples of 100 a of test 
substrate in aqueous solution were shaken with an 
equal volume of octanol. After separation of the 
phases, each was lyophiIized, and the residues were 
dissolved in 100 FM Tris-HCI, pH 7.4. The octanol 
phase solution was darified by filtration through 
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Whatman No. 1 paper. The absorbance of both 
solutions was measured at 257 nm (2’-dAdof. 265 nm 
(L-PIA), 270 nm [CHA, caffeine, theophylline, and 
3~isobutyl-1-meth~lxanthine (IBMX)] or 276 nm 
fpapaverine and (~-allyl-~6-~clohexylad~nosin~ 
(ACHA)]. Kxt = absorbance (or radioactivity) of 
octanol phase/absorbance (or radioactivity) of 
aqueous phase. In the case of 2’-dAdo and L-PIA, 
similar values were obtained by the two methods 
using radiolabeled and unlabeled substances. 

~~teri~~s. Materials were purchased as follows: 
jS-3HjC’rd and [2-3H]Hyp from the Moravek 
Biochemicals Corp. (Brea, CA); IS-sH]Ado from 
S&war 

p 
ann (Spring Valley, NY); [Ade-2.8-sH, 

ethyl-2- HAL-PIA (5OC~mmole) from the New 
England Nuclear Corp. (Boston, MA); unlabeled 
nucieosides, caffeine. theophylline and papaverine 
from the Sigma Chemical Co. (St. Louis, MO]; 
IBMX from the Aldrich Chemical Co. {Milwaukee, 
WI); and NBTI from the Calbiochem (San Diego, 
CA). Dipyridamole (Persantin) was a gift from Geigy 
Pharmaceuticals (Ardsley, NY), and L-PIA and 
ACHA were supplied by Dr. 0. H. Wilhelm, 
Boehringer-Mannheim GmbH (Mannheim, West 
Germany). 

RESULTS AND DISCUSSION 

Figure I illustrates initial time course of zero&@rans 
uptake of Ado, Urd and Hyp (all at 56O@M) by 
Novikoff rat hepatoma cells deficient in Ado kinase, 
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Fig. 1. Inhibition of transport of Ado (A), Urd (B) and Hyp (C) by methylxanthines. papaverine, CHA, 
ACHA and L-PIA. The initial time courses of uptake of 160 PM [3H]Ado (637 cpm/,ul). [7H]Urd (802 
cpm/pl) and [3H]Hyp (373 cpm/pl) were determined by rapid kinetic techniques (see Materials and 
Methods) at 25” in Ado kinase-deficient (AK-), Urd kinase-deficient (UK-) or Hyp phosphoribosyl- 
transferase-deficient (HPRT-) Novikoff cells respectively. The inhibitors were added simultaneously 

with substrate to the indicated final concentrations. 
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Fig. 2. Dose-response curves for the in~bition of Urd influx in Urd kinase-deficient Novkoff cells by 
methylxanthines, Ado analogs, papaverine and dipy~damole. The results are summaries of several 
experiments in which the influx of 160 PM [31-I]Urd was measured as illustrated in Fig. 1 in the absence 
and presence of various concentrations of the indicated inhibitors. Equation 1 was fitted to each uptake 
time course with K fixed at 250 PM [19] and the initial velocity (ufi) was calculated by substituting the 
estimated value of V into uf\ = SIV,(K + S,) which is the slope of the curve described by Equation 1 

at t = 0. Control values for uf\ were all approximately 10 prnoleqti cell water. sec. 

Urd kinase and Hyp phosphoribosyltransferase, re- 
spectively, in the presence and absence of methylxan- 
thines, CHA and papaverine. For Ado transport 
measurements, the cells were pretreated with 10 @I 
Z-deoxycofo~ycin (dCF), a concentration of dCF 
which was shown previously to practically completely 
inhibit the deamination of Ado in these cells [22]. 
Chromatographic analyses of the acid-soluble pools 
of labeled cells indicated that conversion of the nu- 
cleosides to nucleotides was insignificant during 
2min of incubation (data not shown; for general 
discussion, see Ref. 19). The results show that the 
methylxanthines, CHA and papaverine inhibited to 
about the same extent the transport of Ado and 
Urd which is mediated by the same broadly-specific 
nucleoside carrier as we11 as that of Hyp which is 
transported by a different carrier [17,19,20]. Be- 
cause of the similar degree of inhibition observed for 
all three substrates, we selected one of them (Urd) 
for a more detailed analysis of the inhibition with 
the following results. 

First, the data in Fig. 1B illustrate that ACHA and 
L-PIA also strongly inhibited nucleoside transport. 
Second, the various substances similarly inhibited 
Urd transport in Chinese hamster cells and mouse L 
cells as in Novikoff cells (data not shown). Figure 2 
shows the dose-response patterns of the inhibitions 
of Urd transport in Urd kinase-deficient Novikoff 
cells by the various substances as well as, for compari- 
son, by dipyridamole. The order of effectiveness 
of the inhibition by the three methylxanthines was 
IBMX > theophyiline > caffeine, which is the same 
order of their effectiveness as antagonists of Ado 
binding to both the R, and Ri Ado receptors [3,4], 
although the 1~50 values for nucleoside transport 
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Fig. 3. Relationship between potency of inhibition of Urd 
transport and lipid solubility of various inhibitors. The 
concentrations causing 50% inhibition of Urd influx at 
160 PM (ICSO) were estimated from the data in Fig. 2. E;, 
was determined as described under Materials and Methods. 
The correlation coefficient (r&l of the regression line is 

shown. 
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Table 1. Kinetic analysis of the inhibition of Urd influx by papaverine and L-PIA* 

III 
(FM) 

Papaverine L-PIA 
K (PM) V (N/set) K (I&M) V (@l&c) 

0 253 ? 24 24.2 2 0.7 124 t 13 1o.o t 0.3 
20 446 2 33 15.7 i 0.5 177 t 13 7.0 + 0.2 
40 539 2 76 10.4 + 0.8 203 ? 17 5.6 + 0.1 
80 910 2 182 10.3 t 1.3 288 2 20 4.6 t 0.1 

K.stwe (PM) 10.9 -c 1.1 19.4 t 1.9 (16.3 2 4.0) 
&intercepr (PM) 37.6” 5.2 56.3 t 4.2 (40.0 t 6.0) 
rY$ 0.999 0.999 (0.992) 

* The results are from two independent experiments. one with each inhibitor. In each 
experiment Urd influx was measured by the rapid kinetic technique (see Fig. 1) at five Urd 
concentrations (NJ-960 PM) in the absence and presence of the indicated concentrations of 
papaverine or L-PIA. K and V were computed for each inhibitor concentration by fitting 
Equation 1 to the data pooled for the five Urd concentrations. The values are summarised 
2 SE. of estimate. Initial transport velocities were calculated for each Urd concentration 
as the slope of the uptake curve at r = 0: v i’z = S,V/(K + $1). Then the following equation: 
bib = (V5i)/[K(l + I/K~.Elope) + 51(l + VK.intercqt)l was fitted to the pooled ~$5 values for 
each inhibitor. The best-fitting parameters for KC.rlope and Kd,i”.,ercept are given t S.E. of 
estimate (rfi = correlation coefficient). The values in parentheses are for an additional 
experiment with L-PIA which was conducted in the same manner as described. 
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Fig. 4. Long-term (A) and short-term (B) uptake of i3H]~-PIA by Novikoff cells as a function of 
concentration. The results in A and B are from two independent experiments. Suspensions of 1 x 10’ 
cells/ml (A) or 2 X lo7 cells/ml (B) were equilibrated at 4 or 25” as indicated. (A) Samples of the 
suspension were supplemented with 0.01 or 2.5 PM [3H]~-PIA (3.50 cpm/pl, irrespective of concentration). 
At various times of incubation at the same temperatures the cells from duplicate 0.5ml samples of 
suspension were collected by centrifugation through oil and analyzed for radioactivity. (B) The uptake 
of the indicated concentrations of [3H]~-PIA (380 cpm/pl. irrespective of concentration) was measured 
by the rapid kinetic technique as described for nucleoside transport under Materials and Methods. All 
radioactivity values were corrected for substrate trapped in extracellular space of cell pellets. In B the 
radioactivity values for the different concentrations of L-PIA were the same within experimental errors; 
the vertical bars indicate the ranges of values observed. The broken lines indicate the intracellular 

concentrations of radioactivity equal to those in the medium. 
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inhibition are 2-3 logs higher than those for the 
inhibition of Ado receptor binding. 

We found (Fig. 3) that overall the logic of the 
ICSO of inhibition of Urd transport by the various 
inhibitors analyzed was roughly inversely propor- 
tional to the lipid solubility of these inhibitors as 
assessed by their octanol partition coefficient (K&l 

The mechanism of in~bition cannot be specified 
on the basis of these data. However, the results are 
consistent with the view expressed previously 
[19,21] that the inhibition of transport by these 
highly lipophilic substances may involve, in part at 
least, their partitioning into membrane lipids and 
interaction with hydrophobic domains of the internal 
membrane carrier. 

The kinetics of inhibition of Urd transport by the 
various substances are of little help in deciding on 
possible mechanisms of inhibition. Papaverine and 
L-PIAshowed apparent linear, non-competitive inhi- 
bition of Urd transport (Table l), just as previously 
observed for the inhibition of nucleoside transport 
by dipyrid~ole and Hyp 1191. It is of interest that 
both substances, whether st~cturally related (L- 

PIA) to the substrate or unrelated (papaverine and 
dipyridamole), exhibited the same pattern of inhibi- 
tion. In addition, we have shown previously that 
even the natural substrates for the nucleoside carrier 
inhibit the transport of each other in an apparent 
non-competitive manner. The reasons for this are 
not clear. It is, however, of interest that all the 
inhibitors showed a stronger influence on K than on 
V (Ki,slope < &intercept). In fact, in all cases the ratio 
of &slop$&intercept has been between 0.2 and 0.4. 
Whether and to what extent lipophilic substances 
might inhibit transport processes by simple inter- 
calation into the lipid bilayer is not known. In this 
respect, it is of interest that recent experiments have 
shown that papaverine causes a decrease in mem- 
brane fluidity in Ehrlich ascites cells [23]. Such a 
decrease in membrane fluidity could impede “move- 
ment” of the carrier and could also explain the 
inhibition by these substances of the non-mediated 
permeation through membranes of hydrophilic sub- 
stances such as L-glucose and cytosine [21]. 

The data presented so far also do not allow any 
conclusions as to whether any of the inhibitors, inclu- 
ding the Ado analogs L-PIA and ACHA, are trans- 
ported by the nucleoside carrier. This question is 
not readily answerable because of the high lipid 
solubility of these in~bitors. On the basis of results 
with other lipophilic substances, it can be predicted 
that these inhibitors should equilibrate across the 
plasma membrane by simple diffusion alone within 
less than 1 min [24]. Indeed we found that at 25” [3H] 
L-PIA at a concentration of 10 nM accumulated very 
rapidly in Novikoff cells to levels about three times 
above those present in the medium (Fig. 4A) (repre- 
senting about 20% of the total L-PIA added). Chro- 
matographic analyses of extracts of labeled cells indi- 
cated that all cell-associated radioactivity comigrated 
with authentic L-PIA (data not shown). A steady- 
state of L-PIA association with cells was reached 
within 10 min at 25”, but the m~imum amount accu- 
mulated relative to the extracellular concentration 
was less at 25 @I than at 10nM L-PIA (Fig. 4A), 
indicating the involvement of some “saturable” 

component in long-term uptake. In contrast, the 
initial rate of uptake of L-PIA by the cells showed 
no saturability at extracellular L-PIA concentrations 
between 10 nM and 240 PM (Fig. 4B). Higher con- 
centrations of L-PIA could not be used because insuf- 
ficient material was available. The initial rate of 
uptake of L-PIA at a concentration of 240 fl at 25” 
was about 9 pmole~~ cell water * set, which is similar 
to that observed for transported nucleosides at this 
concentration [19] but similar, too, to that expected 
for simple diffusion of a compound with the lipo- 
philicity of L-PIA. 

The initial rate of uptake of L-PIA was strongly 
temperature dependent (Fig. 4B), but, at 5 nM L- 
PIA, was not affected significantly by 0.5 PM NBTI, 
40 ,uM dipyridamole, 100 @I papaverine, 250 PM 
IBMX, 500,uM theophylline, 100@4 ACHA or 
100 ,&I CHA, all of which strongly inhibit nucleoside 
transport at the test concentrations, or by 2 mM Urd 
(data not shown). Only the long-term concentrative 
a~umulation of L-PIA was reduced by all these 
substances. 

On the other hand, the lipophilic analogs L-PIA, 
CHA and ACHA inhibited the transport of Urd two 
to three times more strongly than the structurally 
related hydrophilic nucleosides Ado, 2’- 3’- and 5’- 
deoxyadenosine ( Koct =0.123, 0.219, ti.315, 0.273, 
respectively), which are known substrates for the 
nucleoside transporter [19]. Similarly, Thampy and 
Barnes recently reported [25] that L-PIA and CHA 
inhibit Ado uptake in cultured glial cells from chick 
embryo brain to a greater extent than various natural 
nucleosides, but less than NBTI or dipyridamole. 

Taken together we interpret these results as 
follows: L-PIA, and probably CHA and ACHA, 
rapidly equilibrate without mediation across the 
plasma membrane. They inhibit nucleoside transport 
in Novikoff cells without being efficiently transported 
themselves. The inhibition of nucleoside transport 
by these Ado analogs or by the methylxanthines is 
probably mainly due to interaction of the inhibitors 
with the carrier per se, but this has not been proven 
unequivocally, and the notion that these inhibitors 
are bound to the nucleoside recognition site on the 
carrier is even more tenuous. The concentrative 
accumulation of L-PIA in cells probably reflects both 
its partition into membrane lipids and its binding to 
intracellular components. Of the two, partitioning 
into membrane lipids seems to be the minor com- 
ponent. On the basis of the Km, of L-PIA and a total 
lipid content of Novikoff cells of 250 pg/lO’ cells [21], 
we estimate that, in the experiment illustrated in Fig. 
4A, not more than 1000 cpm accumulated by the cells 
(in each sample at steady state) can be accounted for 
by partitioning of [3H]~-PIA into membrane lipids. 
The remaining 24,000 cpm accumulated concen- 
tratively at 10 nM L-PIA is assumed to have been 
bound to intracellular components. Binding to these 
components seems to be partially saturable (about 
40%) between 5 and 15 nM L-PIA, but not very 
specific. It is inhibited by diverse structurally unre- 
lated compounds, but the reasons for this effect and 
the nature of the binding component are not known. 
That the binding of L-PIA requires membrane 
permeation and is not to extracellular receptors is 
indicated by the strong effect of temperature on 
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uptake. These various observations need to be con- 
sidered in assessing the interaction of Ado agonists 
and antagonists with Ado receptors on whole ceils 
or in crude membrane fractions. 

Acknowledgements-The authors thank Laurie Erickson 
and John Erbe for excellent technical assistance and Linda 
Livermore for her outstanding secretarial help. This work 
was supported by USPHS Research Grant GM 24468. 

REFERENCES 

1. C. Londos, J. Wolff and D. M. F. Cooper, ~egulafo~ 
~~~cr~ons ofAdenosine (Eds. R. M. Beme. T. W. Rat1 
and R. Rubio), p. 17. ‘Martinus Nijhoff ‘Publishers, 
Boston (1983). 

2. G. Burnstock, in Regulatory Functions of Adenosine 
(Eds. R. M. Berne, T. W. Rail and R. Rubio), p. 49. 
Martinus Nijhoff Publishers, Boston (1983). 

3. V. Schwabe, in Regulatory Functions of Adenosine 
(Eds. R. M. Berne, T. W. Rall and R. Rubio), p. 77. 
Martinus Nijhoff Publishers, Boston (1983). 

4. J. W. Daly, in Regulatory Functions ofAdenosine (Eds. 
R. M. Berne, T. W. Rall and R. Rubio), p. 97. Martinus 
Nijhoff Publishers, Boston (1983). _ 

5. S. H. Svnder. J. J. Katims. Z. Annau, R. T. Burns and 
J. W. Daly. Proc. natn. Acad. Sci. .U.S.A. 78, 3260 
(1981). 

6. S. M. H. Yeune and R. D. Green, J. bioi. Chem. 258. 
2334 (1983). - 

7. Y. Eilam and Z. I. Cabantchik, J. ceil. Physiol. 92, 185 
(1977). 

8. C. E. Cass, N. Kolassa, Y. Uehara, E. Dahlig-Harley, 
E. R. Harlev and A. R. P. Paterson. Biochim. bioohvs. 
Acta 649. 769 (1981). 

a , 

9. R. M. Wohlhueter and P. G. W. Plagemann, ~~och~m. 
biophys. Acfa 731, 168 (1983). 

10. A. *R: P. Paterson, E. S. Jakobs, E. R. Harley, N. 
W. Fu, M. J. Robins and C. E. Cass. in Regulatory 
Functions of Adenosine (Eds. R. M. Berne. T.-W. Rail 
and R. Rubio), p. 203. Martinus Nijhoff Publishers. 
Boston (1983). 

11. P. G. W. Plagemann and J. R. Sheppard, Biochem. 
biophys. Res. Commun. 56, 869 (1974). 

12. Y. T. Woo, J. F. Manery and E. E. Drvden. Can. J. 
Biochem. 52. 1063 (1974). 

13. A. Benedetto and E. A. Carson. Biochim. bioahvs. 
Acta 349, 53 (1974). 

. . 

14. E. Rozengurt and L. Jiminez de Asua, Proc. natn. 
Acad. fci. U.S.A. 70, 3609 (1973). 

15. P. G. W. Plagemann and R. M. Wohlhueter, J. cell. 
Physiol. 116, 236 (1983). 

16. P. G. W. Plagemann, R. Marz and R. M. Wohlhueter, 
J. cell. Physiol. 97, 49 (1978). 

17. P. G. W. Plagemann and R. M. Wohlhuetcr. Biochim. 
biophys. Acta 688, 505 (1982). 

18. R. M. Wohlhueter. R. Marz, J. C. Graff and P. G. W. 
Plagemann, Meth. Cell Riot. 20, 211 (1978). 

19. P. G. W. Plagemann and R. M. Wohlhueter, Curr. 
Tooics Membr. Transn. 14. 225 (1980). 

20. R.&M. Wohlhueter and P. G. W. Plagemann. Biochim. 
biophys. Acta 689, 249 (1982). 

21. J, C. Graff, R. M. Wohlhueter and P. G. W. Plage- 
mann, J. biol. Chem. 252,4185 (1977). 

22. P. G. W. Plagemann and R. M. Wohihueter. Biochem. 
Pharmac. 30, 417 (1981). 

23. S. Shinozawa, Y. Araki and T. Oda, Physiol. Chem. 
Pkysics 12, 291 (1980). 

24. W. D. Stein, in Membrane Transport (Eds. S. L. Bont- 
ing and J. J. H. H. M. dePont), Vol. 2, p. 1. Elsevier, 
Amsterdam (1981). 

25. K. G. Thampy and E. M. Barnes, Jr., Archs Biochem. 
Biophys. 220, 340 (1983). 


