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SUMMARY 

Transport of uridine and thymidine across the plasma membrane of human 
erythrocytes is mediated by a facilitated diffusion mechanism with broad specificity 
toward the base portion and narrow specificity toward the sugar portion of pyrimidine 
nucleosides. Specificity of this mechanism was further investigated by measuring 
emux of radioactivity when erythrocytes containing radioactive uridine were incu- 
bated in medium containing purine nucleosides. Adenosine, guanosine, inosine, 
and arabinosyladenine accelerated Ul~_dine efflux and were therefore considered 
substrates for the transport mechanis~. 6-Thioinosine, 6-thioguanosine, and several 
S-substituted 6-thiopurine ribonucleosides inhibited efflux of radioactive uridine. 
Adenine nucleosides with sugar moieties other than ~bose or arabinose inhibited 
or had no effect on uridine efflux. 

INTRODUCTION 

Nucleosides are transported across the plasma membrane by facilitated 
diffusion in several mammalian cell types t-5. Passage of monosacchanaes across 
the erythrocyte membrane is mediated by a similar non-concentrative mechanism e. 
In general, mechanisms of facilitated diffusl.on exhibit saturation kinetics, mediate 
exchange between internal and external permeav t** molecules, and show dependence 
of unidirectional flux on the concentration of permeant at the opposite membrane 
face. 

The chemical specificity of facililated diffusion mechanisms can be examined 
using procedures based on accelerative exchange diffusion, a "trans" membrane 

Abbreviations: arabinosyladenine, 6-amino-9-/~-n-arabinofuranosylpurine; hydroxynitro- 
benzylthioguanosine, 2-amino-6-[(2.hydroxy_5_nitrobenzyl)thio~_9_/~_D_ribofuranosylpurine; nitro- 
benzylthioinosine, 6-[(4-nitrobenzyl) thio]-9_j~_D_ribofuranosylpurine; 6-thioinosir.,e and 6-thio- 
guanosine, the 6-thio and 2-amino-6-thio derivatives, respectively, of 9-fl-b-ribofuranosylpurine. 

"Throughout this paper, "permeant" refers to compounds that are transported across 
biological membranes by mediated processes. 

"" In this work, the half-saturation constant for accelerative exchange diffusion of unlike 
permeants is defined a~ that concentration of extracellular permeant at which efflux is one- 
haif maximal a. 
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etiectS, 6. In accelerative exchange diffusion, the rate of transport of perme-a~t in 
one direction is increased by  transport from the opposite membrane face of the 
same or of  a related permeant; acceleration of transport of permeant from the 
cis membrane face by permeant at the trans membrane face indicates that the 
accelerating and accelerated permeants are transported by the same mechanism. 

Previous studies have suggested that transport of pyrimidin e nucleosides 
in human e.,Tthrocytes is mediated by a non-concentrative mechanism with broad 
permeant specificity 1,8. Experiments with radioactive uridine and thymidine, 
which are not metabolized by human erythrocytes 1, indicated that ribo- and 2'- 
deoxyribonucleosides with variously substituted pyr~midine moieties were readily 
accepted as permeants, whereas pyrimidine nucleosides with derivatized ribosyl 
or 2'-deoxyribosyl groups were poor substrates for the transport mechanism a. 

In the present study, accelerative exchange diffusion of uridine was used 
to examine the specificity of the nucleoside transport mechanism toward purine 
nucleosides. To determine whether a particular nucleoside was a substrate for the 
transport mechanism, efflux of uridine from uridine-loaded erythrocytes was measured 
in the presence of extracellular test nucleoside. Compounds that accelerated uridine 
efflux were thereby recognized as substrates for the transport mechanism, whereas 
compounds that reduced rates of outward transport of uridine were considered 
inhibitors of the transport mechanism. Adenosine, guanosine, and inosine acceler- 
ated uridine efltux, and of I2 adenine p ucleosides with sugar moieties other than 
ribose, only arabinosyladenine accelerated efflux of radioactive uridine. 

MATERIALS AND METHODS 

The procedure for measuring efltux of radioactivity from human erythrocytes 
"leaded" with labeled uridine has been described previously ~. Erythrocytes were 
obtained from whole blood (Red Cross Blood Transfusion Service, Echr, onton, 
Alberta) after zi-28 days of storage at 4 °C in acid citra*e-dextrose solution A 
(U.S.P.). Experiments using freshly collected blood showed that effects of storage 
for periods as long as 24 days on rates of uridine transport were not significant 
(C. E. Ca.~.s and A. R. P. Paterson, unpublished). Erythrocytes were washed 3 
times in b,.tffered saline (I4O mM NaC1, x. 4 mM MgSO, and I8 mM ~'-tris(hydroxy- 
methyl)methyl-2-aminoethane sulfonic acid at pH 7.4)with a final centrifugation 
at I7OO >: g for 15 rain; cell sediments prepared in this way had an extracellular 
space of 7-I I% (ref. I). To load cells with 6 mM [z-14C]w;,tine or [5-3H]uridine, 
treasured volumes of erythrocyte sediments were incubated with equal volumes 
oi buffered saline containing ~o.5 mM radioactive uridine for 4o min at 37 ~C, con- 
ditions sufficient to obtain equal internal and external concentrations of uridine. 
h~cubations were terminated by centrifugation (xToo × g, I5 rain), and extmcel- 
lular radioactivity was assumed to be a measure of the intracellular concentratio~ 
ot uridine. 

Since the initial rate of outward flow of radioactive uridine at ~-5 :C wa~ 
independent of extracellular volume when cell suspensions of Io'/,. or less .~ere 
u,~ed 8, effiux was assayed at 25 °C using 8-IO% suspensions of er~ zi~rocytes and~ 
unless otherwise noted, the following procedure was used. Outward movement of 
radioactivity was measured from cells loaded with 5.5-6.5 mM radi)active uridine; 
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the assay was initiated by rapidly adding to 0.25 ml portions of loaded cells 2.5 ml 
volumes of (I) buffered saline, (2) buffered saline containing the eqnilibrinm con- 
centration (5-5-6.5 mM) of non-radioactive uridi~e, or (3) buffered saline containing 
test compound Radioactive uridine originally present in the extracellular space 
of loaded cell sediments was diluted approx, ioo-iold in this procedure. Oridine 
efltux was terminated after timed intervals by adding 2.5 ml buffered saline contain- 
ing 50 /zM hydroxynitrobenzylthioguanosine, a potent inhibitor of nucleoside 
transport q. Zero time points were obtah'led by adcl~,g hydroxynitrobenzylthio- 
guanosine IO s before addition of test medium. Separate reaction mixtures were 
prepared for each time point, and immediately after termination of efflux, portions 
of each mixture were centrifuged with di-I-butylphthalate (x7ooxg , 1.5 min) 
to obtain cell-free medium la. Radioactivity present in cell-free medium was 
assayed using Bray's solution 8 and liquid scintillation counting. The time course 
of appearance of radioactivity in the medium was determined at 5 or Io-s intervals, 
and straight lines were fitted to the data bv the method of least squares. The cell 
concentrations of individual reaction mixtures were obtained from hematocrits 
determined by the capillary method. 

To determine whether significant metabolism of adenosine occurred during 
transport experiments, cells loaded with 6 mM non-radioactive uridine were suspended 
in IO volumes of buffered saline containing 6 mM [8-14C]adenosine. Cell suspensions 
were incubated at 25 °C, and at t ined intervals, IOO-/A samples were added to 
tubes containing 5/~1 of 42 % HCI04 ~t 4 °C. After 15 mill, samples were neutralized 
at 4 °C by addition of an equivale-lt amount of KOH. The samples were then 
centrifuged and IO-#1 portions of the supernatauts were chromatographed with 
appropriate carrier bases, nucleosid¢s, and nucleotides using the two-dimensional 
thin-layer system of Crabtree and Henderson 9. Radioactivity was determined by 
direct counting of chromatogram sections in a liquid scintillation system. The 
counting solution consisted of 4 g 2,~-diphenyloxazole and o.I g 1,4-bis-2-(5-phenyl- 
oxazolyl)benzene per 1 of toluene. 

6-Benzyl-2-amino-9-fl-n-ribofuranosylpurine was a gift from Dr M. J. Robins, 
Dept of Chemistry, University of Alberta, Edmonton, Alberta. 6-Thioinosine, 
6-thioguanosine, arabinosyladenine, cj-fl-n-lyxofuranosyladenine, 2'-dcoxy-2'-thio- 
methyladenosine, 3'-deoxy-3'-meth~dadenosine, 4-fl-n-ribofuranosyl-5,7-dionethia- 
zaolo-[5,4-d]pyrimidine, 8-methoxy~denosine, 9-fl-n-6'-deoxyallofuranosyladenine, 
3'-deoxy-3'-(z-hydroxyethyl)adenosir~e, 9-fl-L-ribofuranosyladenine and 9-/~-L-fuco- 
pyranosylhy-~oxanthine were genercu,sly provided by Drug Resemch and Devel- 
opment, National Cancer Institute, Bethesda, Maryland. Hydroxynitrobenzyl- 
thioguanosine and nitrobenzylthioinosine w,,;re prepared by Raylo Chemicals Ltd, 
Edmonton, Alberta. Other compoun=ls were obtained from commercial sources. 

RESULTS 

When efflux was measured from cells loaded with different concentrations of 
uridine and incubated in medium xdthout uridine (the "zero- tram" experiment of 
Karlish et a!.a°), the apparent h~l:7-saturation constant obtained from reciprocal 
plots of efflux ve~'sus intracellular lxr!dine was o.25 mM (C.E. Cass and A.R.P. Pater- 
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son, unpublished). The dependence of uridine efltux on the presence of nucleosides 
at the external membrane face was therefore studied 5y measuring outward fluxes 
from cells loaded with 6 mM uridine, a concentration sufficient to saturate the trans- 
port mechanism at  the internal membrane face. 

When measured from ceils containing 6 mM uridine, etttux is half-maximal when 
the extracellular uridine concentration is o.I mM and is maximal at  concentrations of 
4 mM or greaterS. In the experiments reported here, the mean rate ( ± standard devia- 
tion) for 33 separate determinations of uridine efltux from 8--zo % suspensions of cells 
loaded with 6 mM non-radioactive uridine and incubated in 6 mM non-radioactive 
uridine was 4.9 q- o.6/~moles/min per ml packed cells and in buffered saline was i.x 4- 
0.3/~moles/min pc~ ml packed cells. These determinations used blood obtained from 
zI different individuals. Since radioactive uridine was present in the extracellular 
space of loaded packed cells, the initial concentration of extracellular uridine after 
a~ldition of z.5 ml buffered saline to o.z5 ml packed cells was about o.o6 raM. 

The data  of Fig. I demonstrate that extracellular adenosine accelerated efflux 
of intracellular radioactive uridine. Results are presented for 3 of 5 concentrations 
(~.z-45.o rnM) of adenosine that  were examined; linear time courses were obtained 
a l all cortcentrations. When effiux from cells loaded with 5.8 mM uridine was 
measured without adenosine in the medium (dam not shown in Fig. z), rates were 
o.9, i . I ,  and z.z/tmoles/min per ml packed cells. Efflux was enhanced by addition 
o[ adenosine to the medium; when extracellular adenosine was o.z-6.o raM, rates 
were 1.4-I. 9/tmoles/min per ml packed cells, or 34-48% of rates observed in the 
presence of 6 mM extracellular uridine. Stimulation of uridine efflux by adenosine 
appeared to be near maximal at o,z mM, suggesting that the apparent half- 
s~turation constant for extracellular adenosine is somewhat lower than that 
previously observed (o.I raM) for extracellular uridine 3. 

In human erythrocytes, adenosine may be rapidly deaminated or phosphor- 
ylatedl",11; conversion of adenosine to adenine by purine nucleoside phosphorylase 
occurs at a very low raterS, ~s. To determine whether metabolism of adenosine 
during measurements of uridiae efltux was sufficient to have influenced results 
of the experiments of Fig. I, erythrocytes loaded with 6 mM non-radioactive 
uridine were incubated with [8-14C]adenosine under conditions used for assay 
of uridine efflux. Fig. 2 illustrates the time course of adenosirLe metabolism under 
conditions similar to those of the experiments of Fig. i. 

The major route of adenosine metabolism under the conditions of measure- 
ment of uridine efflux was deamination to inosine. At the end of the 2-h incubation 
in the experiment of Fig. z, radioactivity from [8-14C]adenosine t:ad the following 
distribution: 64%, adenosine; z6%, inosine; 3?/0, hypoxanthine; 3%. guanine; 
2%, adenine; z%, guanosine; and I%,  nuclec=tide:;. In this experiment, the initial 
rates of adenosine disappearance and inosine formation were o.r 4 and ~,.I2 .:r-~L/ 
rain per ml packed cells, respectively; in 2 similar experiments, the initial rates 
of adenosine ~sappearance were o.I 5 and o.I 9 k;mole/min per ml packed ce~l~ and 
of inosine formation were o.xo and o.z5 ktmole/min per ml packed cells. During 
the first 30 s of incuba'~ion with radioactive adenosine, the m~ximum po~:sible 
intracellular concentration of inosine (0.06 mM) was small relative to initial con- 
centrations of intracellulr~x nridine (6 mM) and extraceUular adenosine (6 rnM). 
(The maximum fraternal zoncentration was calculated assuming that all newly 
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Fig. i .  Acceleration of uridine efflux by  ~denosine. Ery throcy tes  loaded with 5.8 mM [zJ4C] - 
uridine were incubated in buffered saline centaining 5.8 mM non-radioactive uridine ( 0 )  ; o. i  mM 
adenosine (A) ;  0.5 mM adenosine (Jk); and 6.0 mM adenosine ( ! ) .  Efflux 9f radioact ivi ty was 
measured as described in Materials and Methods. Uridine efflux, expressed as #moles]rain per  
ml packed cells, is indicated for each t ime course of appearance of rad ioac t 'v i ty  in the medium;  
adenosine-accelerated emux was 35%, 43% and 4 r %  of uridine-aecelerated efflux in Panels A, 
B, and C, respectively. 
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Fig, 2. Adenosine metabol i sm dur ing  adenosine-accelerated efflux of uridine. 50% suspensions 
of e ry th roey tes  in med ium conta ining io. 5 mM non-radioact ive  uridine were incubated for 
4 ° rain a t  37 *C; cells had  a final i n t r aed lu la r  ufidine eoneerttrat ion of 6.0 raM. i o %  suspensions 
of the  loaded ceils were then  incuba ted  a t  25 °C in buffered saline containing 6. 5 mM [8-~4C]- 
adenosine (4-5" Jo5 epm#zmole) .  A t  t imed  intervals,  dupl icate  Ioo-/d samples  were r emoved  
and prepared  fo:. chromatographic  analyses (see Materials and  Methods). Percentages  of the  to ta l  
rad ioac t iv i ty  found in the  following compounds  are  p lo t t ed  against  t ime :  O ,  adenosine;  II 
inosine; and  A ,  hypoxanth ine .  

formed inosine was intracellular; intracellular water was approx. 75% of total 
cell volumeX.) 

The acceleration of uridine efflux by several purine nucleosides is sho~.~, in 
Table I. After loading cells with 5.5-6.0 mM [2-14C]uridine, efflux of radioactivity 

T A B L E  I 

A C C E L E R A T I O N  O F  U R I D I N E  E F F L U X  F R O M  U R I D I N E - L O A D E D  E R Y T H R O C Y T E S  B Y  E X T R A C E L L L r L A R  

N U C L E O S I D E S  

Medium Uridine efflux 

Added nucleoside mA/I l~moteslmin % of rate 
per ml into uridine 
packedcells 

Uridine 5.5 4.9 loo 
Adenosine 7. i 2.4 49 
Guanosine 4.4 3.o ~, i 
None I .o  2 0  

Uridine 6. r 4.2 I oo 
Inosine 5.5 2.7 64 
None r .6 38 
Uridine 5.8 5.4 xoo 
Arabinosyladenine 4.o 2. z 4 I 
None x. ~ 20 
Uridine 6.o 5-3 loo 
4-fl-v-Ribofuranosyl-5,  7-dione- 

thiazaolo- [5,4-d]pyr~midine 6.o 3.8 7 z 
None  I .o I9 
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was determined when cells were incubated in buffered saline containing (I) no 
additions, (2) 5.5-6.o mM non-radioactive uri "dine, or (3) test nucleoside at the 
concentration indicated. W~,en observed rates were expressed as percentage~ 
of uridine-accelerated efttux, values ranged from 4o-7x%; values obtained for 
efitux into buffered saline were approx. 2o% of uridine-accelerated efllux. 

The effect on uridine efltux of various concentrations of extraceUulax inosine 
was examined using a modification of the procedure described in Materials and 
Methods. After loading cells with 6 mM [5-SH]uridine, the efltux assay was initiated 
by the rapid addition to o.x ml packed cells of IO ml of (x) buffered saline, (2) 
buffered saline with 6 mM non-radioactive uridine, or (3) buffered saline with 
O.Ol-6.o mM inosine. Radioactive uridine present in the extracellular space of packed, 
loaded cells was thereby diluted to approx. 0.006 raM, a concentration below the 
half-saturation constant (o.I raM) previously observed for extracellular uridine a. 
Cell concentrations of individual traction mixtures were determined with a 
Model F Coulter Counter. Results from one such experiment are presented in Table 
II. Values for the concentration of extracellular inosine at which uridine efflux 
was one-half maximal were obtained from plots of reciprocals of uridine efflux 
and th,. • extraceUular concentrations of inosine; in 3 separate experiments, the 
apparent half-saturation constants for inosine were 0.004, o.o2, and o.o6 mM. 

S:ix purine nucleosides had no effect on uridine efltux when tested as in Table I. 
Efltux of radioactive uridine into media containing test nucleoside was not signi- 
ficantly different from elttux into buffered saline for the following compounds, 
which were tested at the concentrations indicated: 2'-deoxyadenosine (5-3 mM), 
3'-deoxyadenosine (0.48 mM), 8-azaadenosine (6.1 mM), 9-fl-D-xylofuranosyladenine 
(i.5 mM), 9-fl-D-lyxofuranosyladenine (z.4 mM) and 9-fl-L-fucopyranosylhypoxanthine 
(6.1 mM). 

15 purine nucleosides inhibited efflux of radioactive uridine. Inhibition was 
indicated by fluxes into medium con~.aining test compound that  were lower than 

T A B L E  I I  

A C C E L E R A T I O N  O F  U R I D I N E  E F F L U X  F R O M  U R I D I N E - L O A D E D  E R Y T H R O C Y T E S  B Y  E X T R A C E L L U L A R  

I N O S I N E  

Mediu~;, Uridine efflux * 

Added nucleoside m M  ttmotes[min °~ o of rate 
per ml into ~ridine 
pack ed cells 

U r idim,  6. i 4-16 I oo 
Inos ine  0.043 1.82 44 

0.43 2.85 69 
5.51 2.00 64 

None  1.62 39 
Ur id ine  6 . i  5.05 IOO 
Inos ine  o.o79 2.35 47 

o.21 2 .7i  54 
1.71 2.48 4'~ 

None  1.75 35 

* D a t a  o b t a i n e d  on 2 c o n s e c u t i v e  d a y s  us ing  b l o o d  f rom a s ingle i n d i v i d u a l .  
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fluxes into buffered saline alone. Such results are illustrated in Fig. 3 for 6-thio- 
guanosine and 3'-deoxy-3"-methyladenesine and are summarized in Tables III and 
IV; ribofuranosides with various bases and adenine nucteosides that  differ in the 
sugar moiety are listed in Tables III  and IV, respectively. 
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Fig. 3. Inhibition of uridine efflux by 6-thioguanosine and 3'-deoxy-3'-methyladenosinr Erythro- 
cytes loaded with [z-x~C]uridine (5.6 m~l in Panel A; 5.7 n~M in Panel B) were incubated in buf- 
fered saline with or without added nucleoside and efflux of radioactivity was measured as des- 
cmbed in Materials and Methods. Efltux (expressed as l~moles,tmin per ml packed cells) is indicated 
for each time course of outflow of radioactive uridine. Panel A: O, 5.6 mM uridine; Jk, buffered 
saline; and I ,  1.4 mM 6-thioguanosine. Panel B; 0 ,  5.7 mM uridine; A,  buffc~ed saline; and 
I ,  6.4 mM 3"-deoxy-3'-methyladenosine. 

xz inhibitory compound,, were further tested by examining their abilities 
to inhibit the acceleration of uridine efflux by 6 mM extracellular uridilJe {Table 
V). The procedure is illus'Tated in Fig. 4 where z'-deoxy-e'-thiomethyladenosine 
and 6-thioguanosine were assessed for inhibitory activity. Efflux from cells loaded 
with radioactive uridine was initiated by the addition of medium c ontaimng non- 
radioactive uricline. After Io s, buffered saline containing (I) no additions, (2) test 
nucleoside, or (3) the transport inhibitor hydroxynitrobenzylthioguanosine was added 
to reaction mixtures. Hydroxynitrobenzylthioguanosine was added to stop [z-l~C] - 
uridine outflow, thereby providing a basal value for 14C-content of the medium at 
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T A B L E  I I I  

I N H I B I T I O N  O F  U R I D I N E  R F F L U X  F R O M  U R I D I N E - L O A D E D  E R Y T H R O C Y T E S  B Y  E X T R A C E L L U L . ~ . R  

P U R I N E  R I B O N U C L E O S I D E S  

Medium Efflux (itmoleslmin per ml packed cell.~) into: 

Additive m M  Nudeoside Uridine Buffered 
saline 

6-Thioguanosine i .  4 o. i  
6-Thioinosine 5.8 0.5 
6- (Methy,thio)-9-fl-D-ribofuranosylpurine 6.0 0.4 
Nitrobenzylthioinosine o.ooI o.z 
Hydroxy  ni t robenzyl thioguanosine 0.006 o. i  
6-Benzyl-2-amino-9-fl-D-ribofuranosylpurine o.o5 o.o 
8-Methoxyadenosine 2.4 0.4 

.~ .O 1 . 0  

4.7 Lo  
5.3 0.9 
5.1 
5.5 
5.2 1.2 

°3 I .O 

T A B L E  IV 

I N H I B I T I O N  O F  U R I D I N E  E F F L U X  FROM 

A D E N I N E  N U C L E O S I D E S  
U I z I D I N E - L O A D E D  E R Y T H R O C Y T E S  B Y  E X T R A C E L L U L A R  

Medium 

Nucleoside 

Efflux (pmoles/min per ml packed cells) into: 

n, M Nucleoside Uridine Buffered 
saline 

9-fl-D-6'-Deoxyallofuranosyladenine 5.2 o.o 
3'- Deoxy-3 ' -  (2-hydroxyethyl)  adenosine 6.I o.o 
3 ' -Deoxy-3 ' -methyladenos ine  6.4 o.o 
2 ' -Deoxy-z ' - th iomethyladenos ine  6.6 o.o 
2', 3 ' -O-Isopropyl ideneadenosine 3 9 o. i 
9-fl-D-Psico furanosyiadenine 6-3 o .3 
9-fl-L-Ribofuranosyladenine 2. I o.o 

4-8 0.9 
4.8 0.9 
5.o 1.4 
5-o x.4 
4.0 
4.8 x.2 
4.8 i . i  

"1 ABLE V 

I N H I B I T I O N  O F  U R I D I N E - A C C E L E R A T E D  E F F L r l X  FROM U R I D I N E - L O A D E D  E R Y T I t R O C Y T E S  B Y  E X T R A -  
C E L L U L A R  P U R I N E  D E R I V A T I V E S  

Effiux from cells loaded with 6 mM [2-i4C]uridine was determined as described in Fig. 4. In  
the following calculation, A, B and C represent  react ion mixtures  containing,  respectively,  no 
test  compound,  hydroxyni t robenzyl th ioguanos ine  (added at io s), or  tes t  compound  at  t he  
concentrat ion indicated beneath.  ~o Inhibi t !on ----- 

/ c p m  in C at  T v o s -  cpm in B a t  T1os~  
: ~q} >( IOO J o o - -  c p m m  A a t T T 0 s  -- c p m i n B a t  Tx0 

Purine derivative mM c,% Inhibition 

Hydrox  yni t robenzyl thioguanosine 0.025 ~'.oo 
,Nitrobenzylthioinosine o.ooo 5 99 
6-Benzyl-z-amino-9-fl-D-ribofuranosylpurine o.oz 5 80 
6-(Methylthio)-9-fl-D-ribofuranosylpurine 5.o 95 
6-'I hiohlosine 2.2 55 
6-Thioguanosine o. 75 40 
2', 3 ' -O-Isopropyl ideneadenosine 3.2 90 
2 ' -Deoxy- 2 ' - t i f iomethyladenosine 2.2 85 
3 ' - D e ° x y ' 3 " m e t h y l a d e n o s m e  1-7 3 ° 
9-/5-L- Ribo furanosyladenine o .6 15 
9-fl- D-Psicofuranosyladenine 3 .o 5 
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Fig. 4- Inhibi t ion of ur icine-aecelerated efflux of uridine by  2"-deoxy-2 ' - thiomethyladenosine 
and  6-thioguanosine.  At o s, efflux f rom cells loaded with  5-9 mM [2-14C]uridine was ini t iated 
by  addit ion of xo volumes of buffered saline containing .5.9 mM non-radioact ive  ur;,dine. At  
zo s, addi t ions were made (arrow) of io  volumes of (I) buffered saline, (2) buffered saline con- 
taining hydroxyni t robenzyl th ioguanosine ,  or (3) buffered saline containing the  test  compound;  
final reaction concentrat ions are indicated below. At I5, 4o, and 7 ° s, 1-2 ml port ions were 
removed and centrifuged with d ibu ty lphthaIa te ,  ~md rad ioac t iv i ty  in cell-free s~perna tan ts  
was determined.  O ,  o.025 mM bydroxyni t robenzyl th ioguanos ine ;  &, 4,5 mM / d e o x y - 2 ' -  
th iomethy ladenos ine ;  t t  ~.5 mM 6-thioguanosine;  and  ~k, buffered saline. 

Io s (see calculation, Table V). The inhibitions reported in ]'able V were obtained 
by comparing the amount of radioactivity '.':hat appeared in the medium during 
6o s of incubation in the presence of test compound with values obtained in the 
absence of test compound. Compounds were tes*:ed at concentzations similar to 
those used in experiments of Tables III  a ad IV. The ribonucleosides with the 
greatest inhibitory activity 18O-lOO% inhibition) were the S-substituted 6-thio- 
purine ribonucleosides and 6-benzyl-2-amino-9-fl-D-ribofuranosylpurine. Of the 
adenine nucleosides with modifications in the sugar moiety, 2',3'-O-isopropyl- 
idineadenosine had the greatest effect on efflux of uridir e. 

The range of concentrations of nitrobenzylthioin,..sine giving parti~.l to com- 
plete inhibition of uridine-accelerated efflu: of uridine are indicated in Tab],: VI, 
where data from I of 3 similar experiments are presented. Cells loaded with 6 mM 
[2-14C]uridine were incubated in medium containing (r) 6 mM uri~line or t2) 6 mM 
uridine plus various concentrations of nitrobenzylthioinosine. Efflux of uridine 
was determined as described in Materials and Methods. Maximum inhibition of 
accelerative exchange diffusion of uridine was observed at nitrobenzylthioinosine 
concentrations of I FM and greater. 

Data in Tables I I I  and IV indicate inhibition of efflux by test nucleosides 
in the absence of extracellular uridine, whereas data in TaMes V and VI are a 
measure of inhibition in the presence of extracellular uridine. Purine nucleosides 
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with inhibitory activity evidently interact with the uridine transport mechanism; 
however, as indicated in Table V, interaction of several of these compounds with 
the transport mechanism may be modLied or prevented by the presence of extra- 
cellular uridine. 

T A B L E  VI 

I N H I B I T I O N  O F  U R I D I N E - A C C E L E R A T E D  E F F L U X  F R O M  U R I D I N E ° L O A D E D  E R Y T H R O C Y T E S  B Y  

N I T R O B E N Z Y L T H I O I N O S I N E  

% Inhibit ion is the rate of uridine outflow in the presence of inhibitor expressed as ~ percentage 
of the rate of outflow in the absence of inhibitor. Cells were loaded with 6.r mM [2-14C]uridine 
and reaction mixtures contained either 6.3 or 5. 4 mM uridine. 

ktM izmoles[min per ml % Inhibition 
packed cells 

o 5.29 o 
o,oI 4.8I 9.I 
o,o25 3.71 23.6 
°,05 3.57 26.2 
o.i 1.72 67. 5 
o.15 o.4I 9I.  5 
0.25 0.48 9o.r 
0,4 0.33 93.8 
J.o o. I r 97.9 

DISCUSSION 

Studies of monosaccharide transport in erythrocytes have shown that accel- 
erative exchange diffusion occurs when structurally related permeants are present 
in the intracellular and extracellular compartmentsla--1L During accelerative 
exchange diffusion, the transport mechanism releases outgoing permeant at the 
external membrane face and reorients or returns to the internal membrane face 
more rapidly in the presence than in the absence of incoming nermeant. The 
occurrence of accelerative exchange diffusion indicates that the accelerating and 
accelerated compounds involved are transported by the same mechanism of facil- 
itated diffusion. Although kinetic models for exchange diffusion have been 
proposed xs--2~, none satisfactorily explain all of the features of monosaccharide 
transport, and the molecular events underlying the process of exchange diffusion 
are unknown. 

In the present work, accelerative exchange diffusion has been used to examine 
the specificity of the uridlne transport mechanism in erythrocytes toward purine 
nucleosides by comparing the abilities of different purine nucleosides to enhance 
efltux of intraceUular radioactive uridine. Acceleretion of efItu~ by adenosine, 
inosine, guanosine, and arabinosyladenine indicates that the mechanism mediating 
the outward transport of uridine can aiso mediate transport of these purine 
nucleosides 

Comparison of acceleration of e~ttux by purine nucleosides (Table I) with 
that by pyldmidine nucleosides (see re!. 3) suggests that fewer purine nucleosides 
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are accepted as permeants. Purine nucleosides accelerated efltux to a lesser extent 
than did pyrimidine nucleosides. When the extracellular medium contained adenosine, 
guanosine, inosine, or arabinosyladenine at concentrations from 4.o-6. 9 raM, 
m'idine fluxes were less than 71% of fluxes into medium containing uridine (Table I). 
Maximal acceleration of uridine cl~ux by thymidine, cytidine, and 5-arnino-uridine 
were 9 2, 12I and I3o%, ~spectively, or uridine-accelerated efflux s. 

These and earlier results 1-8 indicate that the nucleoside transport mechanism 
in human erythrocytes accepts (i) pyrimidine nucleosides with ribosyl, 2'-deoxy- 
ribosyl, or arabinosyl moieties, (2) purine nucleosides with ribosyl or arabinosyl 
moieties, and (3) certain C-glycosides (formycin B and pseudouridine). Compounds 
that had no effect on uridive efliux include free uracil, free sugars, and nucleotides; 
nucleosides with ionized groups on the base moiety and the 2'- and 3'-deoxyribosides 
of adenine also had no effect on efflux. It is apparent that modifications of the 
sugar moiety are poorly tolerated by the transport mechanism. Substitution on 
the 2'- or 3'-hydroxyl groups of uridine or cytidine greatly reduced permeant 
activity, and the 2',3'-di-O-methyl and 2',3'-O-isopropylidene derivatives of uridine 
inhibited uridine efflux s. Isopropylideneadenosine (Table V) appears to be a more 
effective inhibitor of uridine transport than isopropylideneuridine s because only 
the adenosine derivative prevented the acceleration of uridine efflux by 6 mM 
extracellular uridine. 

Thioinosine and thioguanosine inhibited efflux of radioactive uridine into 
buffered saline (Table III) and into extracellular uridine (Table V); in contrast, 
4-thiouridine was a substrate for the transport mechanism since it accelerated 
efflux of uridine s. I-lydroxynitrobenzylthioguanosine was one of the most effective 
inhibitors of uridine transport; inhibition by the analogous S-substituted derivative 
of uridine, 4-(2-hydroxy-5-nitrobenzyl)thiouridine was complete only in the absence 
of extracellular uridine s. Comparison of the inhibitory effects of S-substituted 
and isopropylidene derivatives of purine ribonucleosides with those of pyfimidine 
fibonucleosides suggests that the transport inhibitors with purine moieties have 
a greater affinity for the transport mechanism than those ~ith pyrimidine moieties. 

It would appear that nucleosides are able to enter mammalian cells by means 
other than the uridine transport mechanism, because several of the purine nucleosides 
that inhibited or had no effect on uridine efflux are metabolized, as ;nay be seen 
in the following examples. 2'-Deoxyadenosine was degraded by human erythrocytes 
with conversion of the 2'-deoxyribosyl moiety to lactic acid 2"~. 9-fl-r~-Xylofuranosyl- 
adenine was rapidly deaminated by human blood cells in phosphate buffered medium 24, 
and 6-(methylmercapto)p~t-ine ribonucleoside accumulated as ~:he 5'- monophosphate 
in human erythrocytes ~5. W,en  Ehrlich ascites cells were incubated with 2'-deoxyade- 
nosine, 2'-deoxy-ATP accumulated 26, and when the~e cells were incubated with 
3'-deoxyadenosine, 3'-deoxy-ATP was found ~7-20. 
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