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Intact human erythrocytes were irradiated in the frozen state with a high-energy electron beam. Nitroben- 
zylthioinosine-sensitive uridine influx, equilibrium exchange uridine influx and high-affinity nitroben- 
zylthioinosine binding were inactivated as a simple exponential function of the radiation dose, indicating an 
in situ target size of 122000. The results suggest that the nitrobenzylthioinosine-binding site(s) and the 
permeation site(s) of the transporter are present on the same transporter element. 

Movement of nucleosides into human erythro- 
cytes and a variety of other cell types occurs via a 
common broi~d-specificity facilitated diffusion 
process (see Refs. 1 and 2 for review). Transport 
by this route is inhibited by nitrobenzylthioinosine 
(6-(4-nitrobenzyl)thio-9-fl-D-ribofuranosylpurine) 
(NBMPR) which binds specifically to functional 
nucleoside transport sites (apparent K d 0.1-1 nM) 
[3,4]. We have previously reported that the 
NBMPR-binding entities in human erythrocyte 
'ghosts' have an apparent M r in situ of 122000 
when estimated by radiation inactivation analysis 
[5]. Although much of the available evidence 
[3,6-9] favours the view that the erythrocyte 
NBMPR binding site is identical to the nucleoside 
translocation site of the carrier, the possibility of 
NBMPR binding at a distinct site (perhaps a 
regulatory site) cannot at this stage be ruled out. 
We report here experiments in which the apparent 

Abbreviations: NBMPR, 6-(4-nitrobenzyl)thio-9-fl-r~-ribo- 
furanosylpurine or nitrobenzylthioinosine. 

target size of the nucleoside transporter in human 
erythrocytes has been determined by radiation in- 
activation of uridine fluxes. Values obtained are 
compared with M r estimates based on radiation 
inactivation of NBMPR binding in the same cells. 
, The principal features of the method were as 

follows: (i) human erythrocytes were frozen in 
liquid nitrogen in the presence of cryoprotective 
compounds [10], (ii) frozen cells were irradiated at 
liquid nitrogen temperature with high energy elec- 
trons, and (iii) assays for NBMPR-sensitive uridine 
fluxes and high-affinity NBMPR binding activity 
were compared in treated and untreated cells. It 
was necessary to irradiate the cells at low tempera- 
ture in order to minimize the possibility of sec- 
ondary radiation effects [11]. Control experiments 
established that the freezing and thawing of fresh 
human erythrocytes did not result in significant 
loss of either NBMPR-sensitive uridine flux or 
high-affinity NBMPR binding activity (Table I). 
Furthermore, the NBMPR-insensitive flux of 
uridine, which represents passive diffusion of 
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TABLE I 

EFFECT OF FREEZING AND THAWING ON URIDINE TRANSPORT AND HIGH-AFFINITY NBMPR BINDING BY 
HUMAN ERYTHROCYTES 

Fresh erythrocytes, collected from healthy volunteers into heparinized tubes, were washed three times in 150 mM NaCI, 10 mM 
tris-HCl (pH 7.4 at 22°C) and the buffy coat and plasma were discarded. Equal volumes of packed cells and the freezing solution 
(containing 280 g of glycerol, 28 g of sorbitol and 720 ml of 150 mM NaCI [10]) were mixed and the cells equilibrated for 30 min at 
4°C. Aliquots (0.5 ml) were added to 15 ml centrifuge tubes and frozen by immersion in liquid nitrogen. The cells were thawed by the 
addition of 10 ml of prewarmed (37°C) freezing solution diluted 50% with 150 mM NaC1. The thawed cells were centrifuged at 
1000× g for 5 min, washed once in 600 mM NaCI [21], followed by three washes in 145 mM NaCI, 5 mM KCI, 5 mM glucose and 15 
mM Tris-HCl (pH 7.4 at 22°C). Initial rates of z e r o - t r a n s  uridine influx (extracellular uridine concentration 0.05-3 mM, 3 s assay 
interval) and uridine equilibrium exchange influx (5 mM uridine. 5 s assay interval) were determined at 22°C by a method which 
employed NBMPR (10 /~M) as a transport 'stopper' and separated cells from extracellular medium by pelleting under oil [6,7]. 
Transport rates were measured in the presence and absence of 5 # M NBMPR and the difference between these two rates is referred to 
as 'NBMPR-sensitive transport'. High-affinity NBMPR binding to erythrocytes at 22°C was determined by the method of Jarvis and 
Young [3]. The mean values of two separate experiments are given. 

Fresh Frozen and 
cells thawed cells 

Uridine influx Vm~ x (10- is mol/cell per s) 2.0 1.9 
K m ( m M )  0.15 0.15 

Uridine equilibrium Vma X (10-18 mol/cell per s) 3.9 3.6 
exchange influx 

NBMPR binding Bma x (10 -21 mol/cell) 16.6 15.3 
K d (riM) 0.35 0.36 

ur id ine  across the m e m b r a n e  [6], increased by  less 
than  10% in cells frozen and  then thawed as com- 
pa red  to fresh cells (da ta  not  shown). 

I r rad ia t ion  of  frozen human  erythrocytes  was 
found  to inact ivate  NBMPR-sens i t ive  ur id ine  in- 
flux, equi l ibr ium exchange ur id ine  influx, and  
high-aff in i ty  N B M P R  binding  in a dose-depen-  
den t  manner  (Fig. 1). When  the logar i thm of  the 
ur id ine  influx and  N B M P R  binding  act ivi ty  was 
p lo t t ed  against  the rad ia t ion  dose, a l inear  rela- 
t ionship  was observed.  The ex t rapo la ted  dose re- 
qui red  to reduce the t ranspor t  and  b ind ing  activi- 
ties to 37% of  their  original  act ivi ty  (937) was 
approx .  12.5 Mrad .  Assuming  single-hit  target  the- 
o ry  [11,12], and  using the equat ion,  

target size = (6.4.105//D37 in Mrad) 

which is der ived bo th  f rom theoret ical  and  empir i -  
cal work [11,12], we calculate  a target  size for both  
ur id ine  flux and high-aff ini ty  N B M P R  binding  
activit ies of  51000___ 9000. The  es t imated  target  
size is 42% of  the previous figure of  122000 de-  
t e rmined  for the appa ren t  molecular  weight of  the 

N B M P R - b i n d i n g  complex  of  freeze-dried human  
e ry throcy te  membranes  i r rad ia ted  at 30°C [5]. Un-  
de r  our  i r rad ia t ion  condi t ions  with intact  cells at 
l iquid ni t rogen t empera tu re  ( -  196°C), g lucose-& 
phospha te  dehydrogenase  activity,  used as an in- 
ternal  s tandard ,  also gave an appa ren t  molecular  
weight  of  42% of  that  es t imated  by  convent iona l  
me thods  (42 100, mean of  three separa te  experi-  
ments;  Fig. 2) [13]. A control  exper iment  using 
freeze-dr ied haemolysa tes  conf i rmed that  glucose- 
6 -phospha te  dehydrogenase  inact iva ted  with its 
no rma l  molecular  weight when i r rad ia t ion  was 
pe r fo rmed  at 30°C (see also Fig. 2). These results 
agree with previous  studies which have demon-  
s t ra ted  that  an empir ica l  correc t ion  factor  needs to 
be appl ied  to molecular  weight es t imates  ob ta ined  
at low tempera tu re  [11,14,15]. Using  our  glucose- 
6 -phospha te  dehydrogenase  correct ion fac tor  of  
2.39, we therefore calculate  that  both  ur id ine  
t r anspor t  and  high-aff ini ty  N B M P R  binding  in 
in tac t  h u m a n  ery throcytes  inact ivate  with the same 
appa ren t  molecu la r  weight as that  de te rmined  pre-  
viously for the N B M P R  binding  complex  in 
f reeze-dr ied membranes  [5]. 
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Fig. 1. Effect of increasing radiation dose on uridine transport 
and higti-affinity NBMPR binding activity in intact human 
erythrocytes. Samples of erythrocytes equilibrated in the freez- 
ing solution as described in Table I, 0.5 ml in volume, were 
added to 6-mm tubes sealed at one end and frozen by immer- 
sion in liquid nitrogen. The tubes were immediately sealed 
under vacuum and stored in liquid nitrogen. The frozen sam- 
ples were irradiated with high-energy electrons using a clinical 
Phillips-MEL SL 75/20 20 MeV linear accelerator, at the 
Department of Radiotherapeutics, Addenbrooke's Hospital, 
Cambridge, at a dose rate of 2.0 Mrad. rain- ] as described by 
Ellory et al. [22], During irradiation the frozen samples were 
contained in a NMR Dewar finger flask filled with liquid 
nitrogen. After irradiation, the frozen cells were thawed by the 
procedure described in the legend to Table I. Initial rates of 
NBMPR-sensitive zero - t rans  uridine influx (O) and uridine 
equilibrium exchange influx (©) were determined at saturating 
concentrations of uridine, 3 and 5 raM, respectively. The 
maximum number of high-affinity NBMPR binding sites (A) 
was measured at a saturating concentration of [3H]NBMPR 
(initial concentration 30 nM). The data are plotted as log % 
remaining activity (log scale) versus radiation dose (Mrad); 
linear least-squares analyses were used to fit the lines shown. 
The results were normalized for differences in cell number at 
each radiation dose by measuring the final haemoglobin con- 
tent of cells in each transport or binding assay. The data points 
represent the pooled results of four separate experiments. 
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Fig. 2. Effect of increasing radiation dose on glucose-6-phos- 
phate dehydrogenase activity in human erythrocytes. In the 
first series of experiments, intact human erythrocytes were 
frozen and irradiated at - 196°C as described in the legends to 
Table 1 and Fig. 1. In the other experiment, human erythrocyte 
haemolysates (0.5 ml, 20% haematocrit equivalent) were 
freeze-dried in 6-mm tubes and irradiated in vacuo under 
identical conditions except that the irradiation temperature was 
maintained at 30°C. Enzyme activity was assayed as described 
by Beutler [23] and the results normalized for differences in cell 
number at each radiation dose by measuring the final 
haemoglobin content of each assay sample. The data are plotted 
as log % remaining activity (log scale) versus radiation dose 
(Mrad) and linear least-squares analyses used to draw the fitted 
lines. The data points for the intact cell study (O) represent the 
pooled results of three separate experiments. The haemolysate 
data points (O)  are from a single experiment. The estimated 
molecular weight values are 42100 and 118 000, respectively. 

In conclusion, the present results demonstrate 
that the nucleoside transporter has an apparent 
molecular weight in situ of 122000, as estimated 
directly by uridine flux inactivation or indirectly 
by the binding of transport inhibitor, NBMPR. 
The results suggest that the NBMPR binding site 
and the permeation site(s) of the transporter are 
present on the same transporter element (or poly- 
peptides). Recently, radioactively labeled NBMPR 
and azidobenzyladenosine have been used to cova- 
lently label the human erythrocyte nucleoside 
transporter [16]. Selective incorporation of radio- 
activity was associated with a broad band on 
sodium dodecyl sulphate polyacrylamide gels in 
the molecular weight range of 45 000-65 000 (band 
4.5). Thus, it seems probable that the nucleoside 
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may exist in the membrane as a dimer. The glu- 
cose transporter, another band 4.5 polypeptide 
(for references see Refs. 17 and 18), also appears 
to be a multerimeric protein in the intact cell 
[19,20]. However, one noticeable difference be- 
tween the erythrocyte glucose and nucleoside 
transport systems is that the target size for o-glu- 
cose-sensitive cytochalasin B binding and 3-0- 
methyl-o-glucose flux is approximately 185000 
[19,20]. Furthermore, the target size estimated for 
the glucose transporter is reported to be indepen- 
dent of temperature. 

Acknowledgments 

We thank R. Gouldstone, Department of Ra- 
diotherapeutics, Addenbrooke's Hospital, Cam- 
bridge for help with the linear accelerator. The 
work was supported by grants from the Alberta 
Heritage Foundation for Medical Research 
(AHFMR), the Wellcome Trust and the Cancer 
Research Campaign, U.K. Presently, S.M.J. is an 
AHFMR Scholar and during part of these studies 
was a Research Fellow, Cancer Research Grants 
Program (Alberta Cancer Board) of the Alberta 
Heritage Savings Trust Fund. 

References 

1 Paterson, A.R.P., Kolassa, N. and Cass, C.E. (1981) 
Pharmacol. Ther. 12, 515-536 

2 Young, J.D. and Jarvis, S.M. (1983) Biosci. Rep. 3, 309-322 
3 Jarvis, S.M. and Young, J.D. (1980) Biochem. J. 1980, 

377-383 
4 Cass, C.E., Kolassa, N., Uehara, Y., Dahlig-Harley, E., 

Harley, E.R. and Paterson, A.R.P. (1981) Biochim. Biophys. 
Acta 649, 769-777 

5 Jarvis, S.M., Young, J.D. and Ellory, J.C. (1980) Biochem. 
J. 190, 373-376 

6 Jarvis, S.M,, McBride, D. and Young, J.D. (1982) J. Phys- 
iol. (Lond.) 324, 31-46 

7 Jarvis, S.M. and Young, J.D. (1982) J. Physiol. (Lond.) 324, 
47-66 

8 Cass, C.E. and Paterson, A.R.P. (1976) Biochim. Biophys. 
Acta 419, 285-294 

9 Jarvis, S.M., Janmohamed, S.N. and Young, J.D. (1983) 
Biochem. J. 216, 661-667 

10 Mohn, J.F., Bowman, H.S. and Cunningham, R.K. (1970) 
Vox Sang. 19, 508-521 

11 Kempner, E.S. and Schlegel, W. (1979) Anal. Biochem. 92, 
2-10 

12 Kepner, G.R. and Macey, R.I. (1968) Biochim. Biophys. 
Acta 163, 188-203 

13 Bonsignore, A., Cancedda, R., Lorenzoni, I., Cosulich, M.E. 
and De Flora, A, (1971) Biochem. Biophys. Res. Commun. 
43, 94-101 

14 ~;chlegel, W., Kempner, E.S. and Rodbell, M. (1979) J. Biol. 
Chem. 254, 5168-5176 

15 Kempner, E.S. and Haigler, H.T. (1982) J. Biol. Chem. 257, 
13297-13299 

16 Young, J.D., Jarvis, S.M., Robins, M.J. and Paterson, A.R.P. 
(1983) J. Biol. Chem. 258, 2202-2208 

17 Carter-Su, C., Pessin, J.E., Mora, R., Gitomer, W. and 
Czech, M.P. (1982) J. Biol. Chem. 257, 5419-5425 

18 Shanahan, M.F. (1982) J. Biol. Chem. 257, 7290-7293 
19 Jung, C.Y., Hsu, T.L., Hah, J.S., Cha, C. and Haas, M.N. 

(1980) J. Biol. Chem. 255, 361-364 
20 Cuppoletti, J., Jung, C.Y. and Green, F.A. (1981) J. Biol. 

Chem. 256, 1305-1306 
21 Rowe, A.W., Lenny, L.L., Dayain, G. and Mayer, K. (1973) 

Transfusion 13, 355-356 
22 Ellory, J.C., Green, J.R., Jarvis, S.M. and Young, J.D. 

(1979) J. Physiol. (Lond.) 295, 10P-11P 
23 Beutler, E. (1975) Red Cell Metabolism, A Manual of 

Biochemical Methods (2nd Edn.), pp. 66-67, Grune and 
Stratton, New York 


