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Comparisons of the site specific binding of nitrobeazylthioinosine (NBMPR) to intact and lysed red cells from various 
mammalian and avian species suggest the presence of a cytoplasmic pool of nucleosidc h'ansporters. In some species the 
cytoplasmic pool is about 50% of the total (mouse). On the average, the cytoplasmic pool is approx. 20% of the surface pool of 
NBMPR-binding sites. In sheep retJeuiocytes, both pools disappear in an energy-dependent manner during the maturation of the 
reticulocytc in vitro. 

Introduction 

The nueleoside transporter ~M red cells has been 
intensively studied for many years, it has been identi- 
fied as a membrane spanning peptide of ---55 kDa 
which may co-migrate with the glucose transporter on 
SDS-gels [1,2]. In red cells, this transporter functions in 
a Na+-independent manner, and its presence can be 
readily assessed by the binding of the nucleoside ana- 
logue, nitrobenzylthioinosine (NBMPR) [3-5]. Al- 
though the substrate (and NBMPR) binding site is 
exposed at the exofacial side of the membrane [6,7], no 
loss of  binding or transport activity occurs upon treat- 
ment of the exofacial surface of red cells or sealed 
ghosts with prot¢olytic enzymes [8,9]. These observa- 
tions suggest that the substrate recognition site, al- 
though exofacial, is inaccessible to proteolytic enzymes 
or that exofacial cleavage does not disturb the binding 
site in a major way. 

The level of nucleoside transport activity :n red cells 
from a variety of species correlates remarkably well 
with the number of NBMPR-binding sites [10] thus 
providing a simple and direct assay for the quantifica- 
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tion of the amount of transporter. It is also significant 
that the turnover number of the transporter is remark- 
ably constant, despite large variability in the actual rate 
of transport of nucleosides amongst red cells of differ- 
ent species [10]. 

To date, few studies have addressed the question of 
the presence of an intracellular pool of nucleoside 
transporters whose transfer to and from the plasma 
membrane might be involved in the up or down regula- 
tion of nucleoside transport, it has now been well 
established that many cells contain intracellular pools 
of glucose transporters which may be regulated by 
changes in metabolic conditions [11,12]. A recent re- 
port showed that during Iongterm incubation of sheep 
reticulocytes, the number of surface NBMPR-binding 
sites may increase transiently, as if recruited from an 
internal pool [13]. 

In previous work we proposed that during matura- 
tion of reticulocytes and the concomitant loss of trans- 
ferrin receptors, specific membrane proteins are inter- 
nalized and collected into the vesicular contents of  
multivesicular bodies [14-16]. One of the proteins in 
these vesicles was identified as the nucleoside trans- 
porter by means of NBMPR-binding [17]. The latter 
function is almos! completely lost [9] from the cell 
during the maturation of sheep reticulocytes and can 
be almost quantitatively recovered in the vesicles (ex- 
osomes) released from the red cell [18]. 

Since formation of exosomes apparently occurs in 
the intracellular compartment [16], and not by blebbing 
from the cell surface, an intracellular pcol of nucleo- 
side transporters in maturing red cells is imp!teated. 



190 

The following study provides evidence that a pool of 
intraeellular nucleoside transporters does exist and that 
it, along with the surface localized transporters, are 
lost during sheep reticulocyte maturation in vitro. 

Methods 

Isolation of reticulocytes 
Reticulocytes were prepared from phlebotomized 

sheep as previously described [19,20]. Whole blood was 
centrifuged at 7700 × g  for 15 min and the cell pellets 
were washed twice with saline to completely remove 
the plasma. The cells were resuspended in saline and 
recentrifuged at 1600×g for 1 h in 50-ml tubes. The 
top 20% of the layer of red cells and reticulocytes, was 
transferred to 15-ml corex tubes and recentrifuged at 
1600xg  for 50 min. The top 20% of the cell layers 
were rich in reticulocytes (65%-95%) and were used 
immediately or suspended in Eagle's minimal essential 
medium, supplemented with 4 mM glutamine, 200 
t tg /ml  streptomycin, 200 un i t s /ml  penicillin and 5(I 
mM sucrose and maintained at 4°C for use the next 
day. 

Cell culture 
Sheep ret,culocyte preparations (75-811%) sus- 

pended (1-3: !e0, v/v)  in Eagle's minimal essential 
medium, supplemented with 4 mM glutamine, 5 mM 
adenosine, 10 mM inosine, 2 mM phosphate, 200 
p.g/ml streptomycin and 200 un i t s /ml  penicillin 
(standard culture medium) were incubated at 37°C for 
3-44 h in roller bottles. The bottles were gassed with 
95% 0 2 / 5 %  CO 2 prior to incubation. All procedures 
were done under sterile condition [17,20]. To reduce 
the cellular ATP level, reticulocytes were cultured in 
standard culture medium with 2.0 mM dcoxyglucose 
and 1 /.tg/ml rotenone in place of adenosine and 
inosine. Under these conditions ATP levels fell to 
_< 10% of normal in 30 min [14]. 

Isolation of vesicles 
After 3-44 hours of culture, the cells were cen- 

trifuged at 8000 x g for 8 rain. The cell-free super- 
natant was recentrifuged at 8000 x g for an additional 
8 min. The cell pellets were washed twice with saline 
and once with 20 mM phosphate-buffered 0.15 M NaCI 
(PBS) and resuspended in PBS for further use. The cell 
free supernatant was then centrifuged at 100000 × g  
for 120 min at 4°C. The supernatant was removed and 
the pellet (released vesicles) was collected [14,17]. 
Vesicles were kept frozen at -700C for later use, or 
used directly after isolation. 

Erythrocytes from different species 
Fresh blood, drawn in heparinized tubes, was ob- 

tained from different species: namely rabbit, mouse, 

pig (Yucatan and White-Landrace type) and chicken. 
The whole blood was centrifuged at 1200 × g for 5 rain 
and the buffy coat containing the white cells was re- 
moved. The erythrocytes were washed four times with 
0.9% NaCI and once with PBS (pH 7.4) with the 
removal of any leftover white cells. The erythrocytes 
were resuspended in PBS for direct use. 

Chicken reticulocytes. Red blood cells of 12-14 day 
old embryonic chickens were almost entirely reticu- 
Ioc~ tes [21 ]. 

Membra~w preparation 
Plasma membranes (unsealed ghosts) were prepared 

by the method of Dodge et al. [22]. Cells were lysed in 
30 volumes of lysis buffer (containing 5 mM phosphate 
buffer (pH 8.0) with I mM NaEDTA). The cell lysate 
was allowed to stand on ice for 10 min, then was 
centrifuged at 27000 x g for 20 rain. The supernatant 
was removed and the membrane pellets were washed 
twice more with lysis buffer, once with 5 mM phos- 
phate buffer (pM 7.4) (5 mM P )  and resuspended in 
the latter buffer to a final concentration of 4 mg 
protein/ml.  The membranes were tised directly or 
kept at -79°C for later use. 

Preparation of total lysates 
Erythrocytes (sheep reticulocytes, red cells from dif- 

ferent species) were lysed in 10 volumes of 5 mM Pi at 
0°C for 10 min. For chicken red cells, the ceils were 
lysed in 100 volumes of 5 mM P~ and 4 mM MgCI 2 to 
make a 1% cell lysate. 100/.tl of a 1% cell lysate was 
used. 

Preparation of seak, d ghosts 
Sealed ghosts were prepared by the method of Hoff- 

man [23] and Bodemann and Passow [24]. Sheep reticu- 
Iocytes were initially lysed in 10 volumes of 5 mM P~ at 
0°C for 5 rain. Then 5 M sodium chloride was added to 
bring the lysate to isotonicity. To allow the ghosts to 
reseal, the preparation was incubated for 5 rain at 0°C 
followed by 30 min incubation at 37°C. The ghosts 
were then pelleted at 15 000 x g for 20 rain and washed 
twice more with PBS (pH 7.4). Finally, the ghosts were 
resuspended in PBS to the original cell volume to be 
used directly. Alternatively the suspension was kept on 
ice at 4°C for no more thau two days. 

NADH-cytochrome-c oxidoreductase assay 
Measurements of NADH-cytochrome-c oxido- 

reductase activity in intact reticulocytes and sealed 
ghosts followed the procedure of Steck and Kant [25], 
10 p.I of a 10% reticulocyte suspension or equivalent 
ghost suspension in PBS (pH 7.4) was added to 0.79 ml 
of PBS (pH 8.0) in a cuvette, followed by 0.1 ml of each 
of 2 mM NADH and cytochrome c (5 mg/ml )  both in 



PBS (pH 8.0). The reaction was followed spectrophoto- 
metrically at 550 nm at room temperature. 

NADH-cytoehrome-c oxidoreductase activities were 
also measured in intact cells and scaled ghosts with or 
without 0.005% saponin. 

NBMPR-binding assays 

(A) Filtration 
All the procedures for measuring NBMPR-binding 

to intact cells and sealed ghosts were carried out in 
PBS (pH 7.4). Triplicate assays were carried out for 
each wdue. The replicates agreed within ±5%. For 
unsealed ghosts, the membranes were kept in 5 mM 
phosphate buffer (pH 7.4). Except where indicated, all 
the NBMPR-binding assays in the text were conducted 
by the filtration method. The non-specific binding to 
intact cells was 12 to 15% of the total binding. All 
values given have been corrected for nonspecific bind- 
ing. 

Sheep reticulocytes, red cells from different species, 
(sheep, pig, mouse and rabbit), sealed sheep reticu- 
Iocyte ghosts or total red cell lysates (all ,-.quivalent to 
10 p.I of cells) were preincubated at 0°C for 15 min 
with shaking with or without 15/zM NBMPR in a final 
volume of 0.18 ml buffer. Following addition of twenty 
microliters of 400 nM 3H-NBMPR (final concentration 
40 nM), the mixture was incubated with shak!ng at 0°C 
for 30 rain. NBMPR-binding to chicken red celis (ma- 
ture red cells and reticulocytes) followed the same 
procedure, except one tenth the amount of cells was 
used. Unless ind!eated otherwise, all the NBMPR- 
binding assays were done at 0°C. The reaction was 
stopped by addition of 1 ml ice-cold buffer, followed by 
passage through Whatman G F / B  filters under vac- 
uum. The tubes were rinsed once with 3 ml buffer and 
the filters were washed once with 8 ml buffer. Filters 
were then dried and counted in 10 ml scintillation 
fluid. 

To test whether lysate, free of memblane proteins, 
had an influence on NBMPR-binding activities of 
membrane preparations, the m~mbrane free lysate was 
added back to washed membrane preparations and 
NBMPR-binding activities were compared in presence 
or absence of exogenous lysate. Lysat¢ did not a|ter the 
NBMPR-binding activity. Moreover, cells lysed with 
different volumes of hypotonic phosphate buffer (1:5, 
1 : 10 and 1 : 30) showed no apparent difference in the 
NBMPR-binding activities. 

Quench corrections. Because the haemoglobin colour 
and protein on the filter may interfere with scintillation 
counting, the necessary quench corrections were deter- 
mined by measuring the difference in 3H radioactivity 
in aliquots of stock 3H-NBMPR dried directly on fil- 
ters or added to filters which contained the quantities 
of red cells, sealed ghosts or total cell lysates used in 
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the experimental assays. The quenching was about 
20% for filters containing an aliquot of the intact cell 
suspension and 7% and 10%, respecti',tely, for samples 
containing sealed ghosts and total cell lysates. The 
presence of saponin (at 0.005%) did not alter 
NBMPR-binding. 

(B) Methanol extraction of pellets 
In addition to the above procedure, other methods 

have been used to measure NBMPR-binding. We com- 
pared the procedures above to others current in the 
literature such as the methanol extrae:tion me~.hod de- 
scribed by Jarvis and Young [26]. This methed depends 
on the extraction of washed red cell pellets with 
methanol. All cell associated radioactivity is extracted 
by the methanol. 

NBMPR-bmding to uesicles and membranes. 3H. 
NBMPR-binding to vesicles and membrane prepara- 
tions was determined by the poly(ethylene glycol) 
(PEG) precipitation method described by Hammond 
and Johnstone [27]. Briefly, membranes or vesicles 
(approx. 100 p,g of protein) suspended in buffer con- 
taining 50 mM Tris, i mM EDTA, soybean trypsin 
inaibitor ~50 p~g/ml), and 6 p.M phenylmethylsulfonyl 
fluoride at pH 7.1, were incubated in final volume of 
1.0  ml with 40 r~M 3H-NBMPR with and without 15 
/~M unlabeled NBMPR to differentiate between spe- 
cific and nonspecific binding. After an incubation of 30 
rain at room temperature, A-globulin, sufficient to give 
a final concentration of 1.65 mg/ml was added, fol- 
lowed by 450 p.I of 33% PEG 8000 dissolved in the 
buffer described above. The final PEG concentration 
was 10%. After vortexing the mixture and an addi- 
tional 15 rain incubation at room temperature, 4 ml of 
8% PEG was added, followed by filtration through 
Whatman G F / B  filters. The filters were washed once 
with an additional 4 ml of 8% PEG, dried, and counted. 
The non-specific binding was 8-10% or !ess. All values 
given have been corrected for nonspecifie binding. 

To,psin treatment of cells and membranes 
Trypsin treatment of sheep reticulocytes and sealed 

and unsealed ghosts followed the method described by 
Janmohamed et el. [8]. Sealed and unsealed ghosts 
(10% haematocrk equivalent) in PBS, or 5 mM Pi, 
respectively (pH 7.4) were incubated with trypsin (10 
#~g/ml) with or without a 10 rain preincubation at 
room temperature with 0.005% saponin in 5 mM Pi 
(oH 7.4) at 4°C, 22°C or 37°C for 15 rain. Proteolysis 
was stopped by addition of PMSF (final concentration 
300 #M) and was followed by centrifugation at 27000 
x g for 20 rain. The pellets were washed three times 
with PBS or 5 mM Pi (both at pH 7.4) and containing 
300 p.M PMSF and then resuspended to the original 
packed cell volume with PBS (sealed ghosts) or 5 mM 
Pi (unsealed ghosts 4- saponin). 



192 

Treatment w#h p C M B S  
A 10 % reticulocyte suspension in PBS (pH 7.4) was 

incuba ted  with p C M B S  (1 mM,  2 mM,  4 mM) for 15 
min at  22°C. The  react ion was s topped  by cent r i fuga-  
tion at 15000 X g  for  20 rain and  the cell pellets were  
washed  three  t imes more  with PBS. Finally, the cells 
were  r e suspended  to the original  voh:me in PBS for 
the NBIVlPR-binding assay. Sealed gt'.osts o r  unsealed  
ghosts  110% haematocr i t  equ iva l en t )were  t r ea ted  in an 
identical  m a n n e r  except  that  for the la t ter  5 m M  ei 
rep laced  the PBS. 

Materials 
Cul tu re  m e d i u m  was  ob ta ined  f rom G I B C O ,  

Canada .  N B M P R ,  pCMBS,  Trypsin and  P E G  8000 
were  ob ta ined  f rom Sigma Chemical  Company ,  USA. 
N A D H  a n d  cy tochrome  c were  ob ta ined  f rom 
Boehr inge r  Mannhe im,  C a n a d a .  E N 3 H A N C E  and  
Protosol  were  p u r c h a s e d  f rom D u p o n t  New Eng land  
Nuclear ,  Boston,  MA.  The  a H - N B M P R  (36 C i / m m o l )  
was  pu rchased  f rom Moravek  Biochcmieats ,  Brea,  C A  
O t h e r  reagents ,  p u r c h a s e d  f rom Fisher  Scientific, were  
o f  r eagen t  grade .  

Results 

Two me thods  have been  used to measure  N B M P R -  
b inding to reticulocytes,  a f i l t rat ion method ,  and  
me thano l  extract ion of  a cen t r i fuged  cell pellet,  l denq -  
cal values were  ob ta ined  with b~)th me thods  using 
sheep  reticulocytes.  For  example ,  in two sepa ra te  ex- 
per iments  the f i l t rat ion me thod  gave 2.1 and  4.6 fmol 
N B M P R  bound  per  10 ~' cells. The  methano l  extract ion 
me thod  gave val~es o f  2.0 and  4.6, respectively, fox lhe 
same two popula t ions  o f  cells. Moreover ,  the mem-  
b rane  f ract ion (ob ta ined  by cen t r i fuga t ion  of  a retieu- 
Iocyte lysate at  31000  x g ) c o n t a i n e d  the full comple-  
men t  of  N B M P R - b i n d i n g  sites since the b ind ing  activ- 
ity in the m e m b n m e  fract ion itself was identical  to tha t  
in the  total  lysate indicat ing tha t  all N B M P R - b i n d i n g  
activity was  m e m b r a n e  ,~ssociated. In a typical experi-  
ment ,  values of  5.2 f m , a l / l 0  t' cells a n d  5,1 f m o l / I O  ~' 
cells were  ob ta ined  with m e m b r a n e s  and  total lysate, 
respectively. M e m b r a n e - f r e e  lysate did not  interfere  
with bin0itip~. I~ m~zt species of  red cells examined,  
the re  was  g r ea t e r  b iud ing  activity in cell lysates (or  
washed  m e m b r a n e s )  ~han in intact  cells. The  da ta  in 
Fig. l c o m p a r e  the max imum specific b inding of  
N B M P R  to intact  cells (cell sur face  binding),  and  in 
lysates of  red cells f rom dif ferent  species. W h e r e  a 
d i f ference exists, the b inding in lysates was  consistent ly 
grea ter .  The  average  cryptic  c o m p o n e n t  was  20% to 
50% of  the c o m p o n e n t  accessible a t  the surface.  In 
chicken red cells, the di f ference in b ind ing  be tween  the 
lysate and  the intact cells was  not  significant.  It is 
no tewor thy  that ,  in sheep  red cells, the di f ference in 
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Fig. 1. Species differences in NBMPR-bin:ting. NBMPR-binding 
activities in red cells from different species were measured in intact 
erythrocytes, or reliculocyles as well as in their osmotic, total lysates. 
The results are corrected for nonspecific binding and expressed as 
molecules per cell. The data are representative of at least two 
experiments. Open bars represent surface binding to intact cells and 
stippled bars represent the binding in osmotic lysates. Ew:ept fnr 
sheep reticalocytes, all values are me;ms of two separate determina- 
tions-l:the difference from the mean. With sheep reticulocytes the 
values are means + S.D. of nine individmd experir~ents. Each value is 

an average of a triplicate determination. 

b inding be tween  cells a n d  lysates d i sappea red  in the 
course  o f  ma tu ra t ion  as the n u m b e r  of  t r anspor t e r s  
d iminished (Table l). These  observat ions  a rgue  tha t  
the b inding di f ferences  be tween  intact  cells and  lysates 
represen t  a pool o f  in t racel lu lar  t r anspor te r s  o f  vari-  
able size in the di f ferent  species. The  dif ferences  in 
b inding persis ted whe the r  b inding was car r ied  ou t  at  

TABLE 1 

Loxs of total and celt. snrfat'e NBMPR-bimling sitcs during, el:culocytc 
mantrati~m: effect of ATP 

Sheep leticulocytes were incubated at 37°C for Ihe periods indicated. 
Binding was measured in whole cells or in lysales using the filtration 
procedures described in Methods with 411 .u.M "~H-NBMPR. specific 
activity 30 cpm/fmol. The average ATP concentration in the cells 
was 2.5:1:11.5 mM (n = 4)and dropped It) 1.5_+ 11.3 (it = 4) after 44 h. 
Rotenone and 2-deoxyglucose were used at I /.tg/ml and 2.0 raM, 
respectively, to lower the ATP levels to = I11% of contrtfl values. A 
duplicate experiment is shown 5: differences from the mean value. 
Each determination was done in triplicate. Value~; have been cor- 
rected 6~r nonspecific binding. 

Time NBMPR-binding sites (finol/l() ~' cells) 

of surface binding total binding cryptic sites 
incu- (total-surface) 
bation 

+ ATP - ATP + ATP - ATP + ATP - ATP 

Initial 5.6 + 1.0 8.4 5: tl.I 2.8 

311 3.9+0.6 5.2:1:0.8 5.9+11.2 7.11+0.4 2.0 1.8 
20h 2.3:t:.11.1 4.7:f0.3 2.7+11.4 5.8+0.2 0.4 I.I 
44h 1.0+11.7 3.4+_11.3 1.3+11.9 4.0+0.4 11.3 0.6 
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Fig. 2. Recovery of specific NBMPR-binding activity in shed vesicles 
(exosomes). The vesicles ii:,rmed during in vitro maturation of sheep 
retieuloeytes under ATP-replete conditions (o) and ATP-depleted 
conditions ix) were used to measure NBMPR-binding activity as 
described in Methods. The values shown are for specific NBMPR-bi- 
nding activities and are expressed as fmol/10 t' cells. Each point 
represents the mean value from two experiments. The ± numbers 
indicate the spread of the mean values. Each experiment is the 

average ( ± 5%) of a triplicate determination. 

0*C or 22°C. For example, from four separate experi- 
ments, each consisting of triplicate assays, the average 
membrane /ce l l  surface ratios were 1.45 and 1.42 at 
220C and 4°C, respectively. 

The exposure of the cryptic sites could also be 
achieved by saponin addition to intact cells. Thus with 
low concentrations of saponin (0.001%) the number of 
apparent sites was increased and reached the level 
seen in lysates. High saponin concentrations (0.0!%) 
inhibited NBMPR-binding (not shown). 

The data in Table l show the energy and time-de- 
pendent loss of NBMPR-binding from the cell surface, 
as well as from the cryptic (intracellular) pool. The 
data show that with rotenone and DOG which lower 
ATP levels to _< 10% of normal, the loss of NBMPR- 
binding from the cell surface and the cryptic pool were 
diminished. Also the release of binding activity into the 
medium (Fig. 2) in an insoluble form (i.e. exosome 
formation [17]) was diminished with agents which lower 
ATP-levels. The intracellular pool of transporters was 
depleted (90%) by approx. 20 h of incubation in nor- 
mal medium (Table D. With lowered ATP levels, sig- 
nificantly more intracellular and surface transporters 
(about twice as many) remained with the cell (Table I). 
By 40 h of incubation, few transporters remained in 
ATP-replete cells compared to a leftover of 50% in 
ATP-depleted cells. The data support the conclusion 
that loss of the pool of intracellular transporters, as 
well as surface transporters, is energy dependent (Ta- 
ble l). The release of NBMPR-binding activity from 
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the cells was a mirror image of the data for loss of 
activity from the ceils (Fig. 2). 

Action o f  pCMBS and tryps#z 
Additional evidence for a pool of intracellular 

NBMPR-binding sites comes from studies with pCMBS 
and trypsin, the former causing inhibition at the cyto- 
plasmic face a , d  the latter digestion of the cytoplasmic 
domain of the transporter, in intact cells, neither 
pCMBS treatment nor surface digestion with trypsin 
altered NBMPR-binding [6,7]. (see also Tables ll and 
Ill). 

If the additional NBMPR sites detected in lysates 
and membranes were artifacts of the assay system, it 
might be expected that only = 80% of the binding sites 
in membranes would be inhibited by pCMBS since it is 
unlikely that the artifactual binding would be sensitive 
to sulphydryl binding agents. Thus, using the data in 
Table I1 as an example, if pCMBS inhibited the surface 
binding component, but not the internal component, 
the residual activity would be 5.5 x 0.1 = 0.55 fmol /10  ~ 
cells. The internal component would remain at 1.0 
f m o l / l 0  t' cells giving a total of 1.55 f m o l / l 0  t' cells. 
The latter value is twice the observed activity of 0.75 
f m o l / l 0  t' cells. In the six experiments shown in Tables 
IIA and liB the inhibition was 90% or more in every 
individual experiment, each of which wa~; done in trip- 
licate. Since an inhibition of 80% is clearly differenti- 

TABLE II 
Effect of pCMBS on NBMPR.binding to intact sheep reticulocyte cells 
and isolated membranes 

Reticulocytes, lysates, membranes, and saponin treated cells were 
incubated + I mM pCMBS for 15 min at 22°C before addition of 
3H-NBMPR to assay binding. Each value is an average of three 
closely agreeing replicates (± 5%). All values are for specific binding 
and have been corrected for controls with excess NBMPR. 

NBMPR bound 
(fmol/10 ~' cells) 
individual a~erage value 
experiment ±S.D. 

A 
Cell surface 5.6 
Cell surface +pCMBS (1 mM) 5.5 
Lysate (total) 6.5 
Ghosts (unsealed) 6.5 
Cells and saponin 6.6 
Cells and saponin + pCMBS (I raM) 0.75 

B 
Cell membranes 4.3 

+ pCMBS 1 mM (}.4 
2 mM 0.3 
4 mM 0.2 

5.7±1.0 a 
0.6±0.5 ~ 

6.0±2.4S.D. a 
0.4~0.2S.D. a 

'~ Represents the mean+S.D, of values from three experiments each 
of which was obtained from an assay done in triplicate. 
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Fig. 3. Sealed ghosts retain seiective impermeability. Intact cells. 
sealed ghosts, and cells and ghosts exposed to sapnnin (0.00It;*)were 
tested for the ability to reduce exogenous eytochtorae-c with NADH. 
The reaction mixture contained 2 mM NADH and 5 mg/ml cy- 
t,jchrorae-c (all at pH 8.0) in phosphate-buffered saline. The change 
in absorbance at 550 nra was monitored, o - - - o ,  cells + saponin; 
0 O, ghosts+saponin; e - - e ,  intact cells or sealed 

ghosts: x x.  blank, no tissue added. 

ated from one of 90% (as seen below in s tudies with 
trypsin) it is concluded that virtually all the activity is 
pCMBS sensitive. 

Since lysates and ghosts (sealed or unsealed) showed 

TABLE II1 

Action of trypsin on NBMPR-hinding b~ cells and ghosts 

After trypsin treatment. PMSF was added to give a final concentra- 
tion of 300 p.M. The cells or membranes were washed thrice with 20 
raM PBS or 5 raM Pi (for membrane preparations) both of which 
contained 3110 p.M PMSF. The washed preparations were used to 
assay NBMPR-binding at 0°C. All values are the means of triplicate 
assays which agreed with ±5% of the mean value. 

Condition NBMPR hound (fmol/lO" cells) 

Expt. 1 
Cells 4.7 

+ trypsin 4.8 
Ghosts (sealed) 6.7 

+ trypsin 6.8 
Ghosts and sal~min 7.11 

+ trypsin 1.4 

NBMPR bound (fmol/10 r' cells) 

single pooled data ± S.D. 
experiment (n  = 4) 

Expt. 2 
Membranes 4.3 5.7 :t: 0.5 

+ trypsin (I 0 p.g/ml) 
15 min at 4°C I).72 I.I ± 0.2 
15 t in  at 22°C O.t~) 

15 min at 37°C 0.90 

the same number  of NBMPR-binding sites, it appears  
that in the ghosts the permeabil i ty barr ier  of the intact 
cell to NBMPR had been lost. Studies with NADH-cy-  
toehrome-c oxidoreductase, however, show that  the 
sealed ghosts have mainta ined their  selective perme- 
ability (Fig. 3) 

Moreover, resealed ghosts remain insensitive to 
trypsin. In membranes  and unsealed ghosts, the inhibi- 
tion of NBMPR-binding by trypsin t rea tment  was about 
80% (Table liD. Irrespective of the temperature  used 
der ing the trypsin t reatment ,  inhibition of binding did 
not appear  to exceed = 80% (Table i11). In none of 
the five experiments  cited in Table II1 did the inhibi- 
tion exceed 81%. The fact that  some NBMPR-binding 
activity remained despite  proteolysis of the cytoplasmic 
surface suggests strongly that  the residual peptide(s) 
retained binding activity, albeit  greatly reduced. This 
would not be entirely surprising since the NBMPR- 
bindin~ occurs at the exofacial domain of the trans- 
porter. The data confirm [8,9] that the cytoplasmic, but  
not the surface domain of the t ransporter  reacts with 
pCMBS and is subject to digestion by tt3,psin. Since the 
extent of inhibition, particularly by pCMBS, was in 
excess of that  expected for inhibition of surface sites 
alone, the cryptic, intracellullar pool of" t ransporters  
must also have been inhibited. 

Discussion 

The nucleoside t ranspor ter  of the mammal ian  red 
cell has long been known as a t ransmembrane  protein 
whose density in the membrane  may be deduced from 
the number  of NBMPR-binding sites. The turnover 
number  for this function remains remarkably constant  
among ~?ecies of red cells but  the number  of trans- 
porters per  cell varies over an order  of magni tude [10]. 

Sheep red cells are known to lose nucleoside trans- 
port activity as well as NBMPR-binding activity during 
the transition between the retieulocyte and the erythro- 
cyte stage [9]. Although the loss of the aforementioned 
activit'y has been known for some years, the fate of the 
lost protein has been the subject of study in only a few 
communicat ions [13,17]. Recently we have quantif ied 
[1~] the loss o~ the NBMPR-binding sites and have 
shown that the exosomes produced during reticulocyte 
maturat ion contain the majority (_> 75%) of the lost 
activity. Since exosome formation was shown [16] to 
require internalizat ion of the surface proteins, such as 
the transferrin receptors, prior to their  release,  we 
devised an experimental  approach to assess the pres- 
ettce of a cytoplasmic pool of the nueleoside trans- 
porter  which appeared  to follow the same route for 
externalization as the transferrin receptor. It was antic- 
ipated that  the pool would diminish with cell matura-  
tion al though some surface localization of the trans- 
porter  might be retained into the mature  stage of the 



red cell. The amount of retained transporter is known 
to vary amongst different strains of sheep [28,29]. In 
the studies described, we observed that the amount of 
NBMPR-binding to the surface of intact s'.leep reticu- 
Iocytes was consistently less than the bindng observed 
with unsealed membranes prepared by osmotic lysis or 
saponin treatment. Such observations suggested the 
presence of 'cryptic' sites which were inaccessible to 
NBMPR at the surface of sealed, intact cells. Since 
identical numbers of binding sites were oblained in an 
aqueous lysate, with saponin treatment (containing the 
proteins from both the membrane and cell cytosol) in 
resealed ghosts or cytosol-free washed membranes, it is 
likely that even the putative intracellular binding sites 
are membrane bound. 

Given that the pool of intracellular NBMPR-binding 
sites was small relative to the total number of sites and 
different assays were used to measure binding to cells 
and to membranes, we considered the possibility that 
the cryptic sites might arise from assay artifacts. Based 
on the following reasons, we have concluded that the 
additional numbers of binding sites measured in mem- 
branes represent a pool of cytoplasmic transporters 
and are not due to artifacts of measurement. 

(1) The difference between total and surface bind- 
ing disappeared with maturation of the sheep reticu- 
Iocyte. This would not be expected for an artifact but is 
consistent with a maturation process. 

(2) The difference between total and surface bind- 
ing was not present in red cells from all species. For 
example, chicken cells showed the same NBMPR-bind- 
ing in intact reticulocytes and lysatcs whereas in the 
rabbit cells the differences between intact cells and 
lysates were substantial. The significance of the sub- 
stantial numbers of intracellular sites in mouse and 
rabbit red cells is unknown. It is possible that in these 
species intracellular transporters may be recruited to 
the surface under conditions requiring t~,lcleoside 
transport. 

(3) Metabolic inhibitors decrease the rate of loss of 
the surface binding sites as well as the 'cryptic' sites. 
Artifacts of the binding assay would not We expected to 
~how energy dependent loss in activity. According to 
our proposal of membrane remodelling associated with 
red cell maturation [15,16], energy is required to proc- 
ess proteins for externalization during the final differ- 
entiation of the red cell into the erythrocyte. 

An earlier study by Blostein and Grafova [13], pre- 
sented some evidence for a cytoplasmic pool of nucleo- 
side transporters. Under their conditions of inct~bation, 
the surface component of the nucl~;oside transporter 
could be transiently increased, presumably by external- 
ization of the cytoplasmic pool. The presence of cyto- 
plasmic pools of plasma membrane proteins is wel! 
known in other systems. Proteins, such as the glucose 
transporter [11,12] and the transferrin receptor [30-33], 
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have been widely studied both as surface proteins and 
as proteins in intracellular compartments. In the case 
of the transferrin receptor a non-rccyclir~g pool had 
earlier been identified in the sheep reticulocyte [34]. 
The latter pool may be the precursor of the cell-free 
exosome. 

With the nuclcoside transporter, the nature of intra- 
cellular pool or pool(s) has not yet been identified. Nor 
has NBMPR-binding been detected by cytochemical 
means in multivesicular bodies. However, the exosomes 
released during maturation of the reticulocyte contain 
significant levels of the transporter [17,18]. Prior to 
their" release, the exosomes arc found in sac-like intra- 
cellular multivesicular structures. It is reasonable to 
conclude that these sacs contain the intracellular 
NBMPR sites. 

It should be mentioned that in contrast to the trans- 
ferrin receptor, no evidence was obtained for recycling 
of NBMPR sites. No difference in binding of NBMPR 
was seen at 0°C and 37°C in intact cells under the 
present conditions. With proteins undergoing rapid 
endocytosis, there is usually a marked increase in cell 
associated ligand at higher temperatures. The increase 
with temperature reflects the relative distribution of 
the ligand at the cell surface versus the intracellular 
compartment. The lack of response of NBMPR-bind- 
ing to temperature suggests that either (a) recycling for 
this transporter is a very slow process and not de- 
tectable in our time frame or (b) that binding of 
NBMPR freezes the carrier in the plasma membrane 
and no recycling is detected. Further work is required 
to address these alternatives. 
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