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Time courses of the uptake of radiolabeled hypoxanthine, adenine and uracil were measured by rapid kinetic 
techniques over substrate ranges from 0.02 to 5000 pM in suspensions of human erythrocytes at 25 or 
30 ° C. At concentrations above 25 /~M, the rate of intracellular phosphoribosylation of hypoxanthine and 
adenine was insignificant relative to their rates of entry into the cell and time courses of transmembrane 
equilibration of the substrates could be measured and analyzed by integrated rate analysis. Hypoxanthine 
and uracil are transported by simple facilitated carriers with directional symmetry, high capacity and 
Michaelis-Menten constants of about 0.2 and 5 mM, respectively. Adenine is probably transported by a 
carrier with similar properties but no saturability was detectable up to a concentration of 5 mM. Cytosine 
entered the cells much more slowly than the other three nucleobases, and its entry seems not to be mediated 
by a carrier. The hypoxanthine transporter resembles that of one group of mammalian cell lines, which does 
not exhibit any overlap with the nucleoside transporter and is resistant to inhibitors of nucleoside transport. 
Results from studies on the effects of the nucleobases on the influx and countertransport of each other were 
complex and did not allow unequivocal conclusions as to the number of independent carriers involved. At 
concentrations below 5 pM, radiolabel from adenine and hypoxanthine accumulated intracellularly to higher 
than equilibrium levels. Part of this accumulation reflected metabolic trapping, especially when the medium 
contained 50 mM phosphate. But part was due to an apparent concentrative accumulation of free adenine 
and hypoxanthine up to 3-fold at medium concentrations << 1 p M and when cells were incubated in 
phosphate-free medium. This concentrative accumulation could be due to the functioning of additional 
high-affinity, low-capacity, active transport systems for adenine and hypoxanthine, but other factors could be 
responsible, such as saturable binding to intraceilular components. 

Introduction 

Mammalian cells almost universally possess a 
single non-concentrative nucleoside transport sys- 
tem that exhibits very broad nucleoside specificity 
and similar kinetic properties [1-3], but which 
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may differ in sensitivity to inhibition by nitro- 
benzylthioinosine and other transport inhibitors in 
different types of cells [4-6]. Nucleoside transport 
is well described by the simple carrier model [1,7] 
and exhibits directional symmetry [1,8,9]. How- 
ever, whereas the mobility of the carrier of various 
cell lines is the same whether or not loaded with 
any nucleoside, the carrier of human and pig 
erythrocytes moves considerably faster when 
uridine-loaded than when empty [8-10]. 
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The nucleoside carrier fails to transport 
nucleobases, with the possible exception of hypo- 
xanthine, which may be transported by the same 
carrier as nucleosides in some, but not other, cell 
lines [1,11-13]. Most cultured cell lines investi- 
gated express non-concentrative, low-affinity 
transportsystems that are specific for hypo- 
xanthine (Km = 0.3 to 3 mM), uracil (Km = 5-15 
raM) and adenine ( K m  = 2 5 mM), but lack a 
transporter for cytosine [11-16]. In addition high- 
affinity uptake systems (K m < 50 I~M) have been 
described for adenine and hypoxanthine in vari- 
ous types of cells [17-20] (see also Ref. 1), but it 
seems that most of the observed saturation of 
uptake was mediated at the level of intracellular 
phosphoribosylation rather than at a transport 
step [1,11-13] (see Discussion). Transport of hy- 
poxanthine, uracil and adenine in cell cultures is 
also well described by the simple carrier model. 
The transporters exhibit directional symmetry and 
equal mobility when empty and substrate-loaded 
[12-15]. Transport of these nucleobases is prob- 
ably mediated by distinct carriers, but their exact 
numbers and relationship to each other have not 
been elucidated• To gain further information on 
this point we turned to human erythrocytes, which 
have been used widely in the study of nucleoside 
transport, but whose nucleobase transport has 
previously not been examined in such detail. This 
information is also of interest, because these cells, 
in view of their relatively simple membrane pro- 
tein composition, have been the system of choice 
for the isolation of the sugar [21-23] as well as the 
nucleoside transporter [24,25]. Both have been 
identified as band 4.5 proteins and there is the 
likelihood that non-concentrative transporters for 
other substrates may have similar molecular prop- 
erties as the sugar and nucleoside carriers and may 
be present in the same membrane protein fraction. 

Experimental procedures 

Human erythrocytes. Erythrocytes from freshly 
drawn blood were kindly supplied by Dr. J. Kersey 
(University of Minnesota) as a byproduct of 
lymphocyte isolation. The cells were thrice washed 
in cold saline containing 5 mM Tris-HC1, pH 7.4 
(Tris-saline) and suspended in Tris-saline to (6-8) 

• 10Scells/ml as enumerated with a Coulter coun- 
ter. 

Measurement of uptake of hypoxanthine and 
adenine at low concentrations. 'Uptake'  denotes the 
accumulation of radioactivity, derived from exoge- 
nous, labeled substrate, within the cell, regardless 
of its metabolism [1,26]. Time courses of uptake of 
radiolabeled hypoxanthine and adenine in the 0.02 
to 50/~M range were measured at 30 °C by rapid 
kinetic techniques (15 time points per time course) 
as described previously [1,12,27]. The method con- 
sists of mixing cell suspension with a solution of 
radiolabeled substrate in short intervals with a 
dual syringe apparatus (5 ml and 1 ml syringes) in 
a ratio of 7.3 : 1. The cells are separated from the 
medium by centrifugation through oil and 
analyzed for radioactivity (radioactivity in total 
cell material)• Radioactivity per cell pellet was 
corrected for that trapped in the extracellular space 
of cell pellets, which was estimated by the use of 
[14C]inulin [27] in each experiment. Corrected ra- 
dioactivity values were converted, where indicated, 
to pmol//~l cell water on the basis of the intracell- 
ular water space determined in each experiment 
by the use of 3H20 [27]. For the purpose of 
fractionating the acid-soluble pool of cells, the 
ceils from duplicate samples of cells were centri- 
fuged through an oil layer directly into a solution 
composed of sucrose and trichloroacetic acid, 
which ensures rapid quenching of metabolism [28]. 
The acid layer was further processed and analyzed 
by ascending paper chromatography with a solvent 
composed of 3 volumes of 1 M ammonium acetate, 
pH 5, and 7 volumes of 95% ethanol (solvent 28) 
as described previously [29]. 

Measurements of nucleobase transport. 'Trans- 
port '  denotes solely the transfer of unmodified 
substrate across the membrane as mediated by a 
saturable, selective carrier [1]. Transport of adenine 
and hypoxanthine was measured at concentrations 
above 20/~M because at these concentrations the 
conversion of radiolabeled purines to intracellular 
nucleotides during 1-2 rain of incubation was 
insignificant in relation to the amount of purine 
accumulated by the cells and the transmembrane 
accumulation of the purines in unmodified form 
could be measured (see later). Zero-trans accumu- 
lation and inward equilibrium exchanges of the 



purines and of uracil was measured at 25 °C  by 
the rapid kinetic techniques used in uptake mea- 
surements, except that the higher substrate con- 
centrations were employed. For equilibrium ex- 
change measurements, the cells were preincubated 
with appropriate concentrations of unlabeled 
purines at 37°C for 1 h. Data were evaluated by 
fitting appropriate integrated rate equations based 
on the simple carrier model to the time courses of 
transmembrane equilibration of the radiolabeled 
substrates [1]. For estimating the Michaelis- 
Menten parameters for hypoxanthine and uracil 
transport, 6 or 7 substrate concentrations were 
employed and the kinetic parameters extracted by 
least-squares regression analyses of the pooled 
data. In the case of zero-trans influx, the integrated 
rate analysis assumed directional symmetry of the 
carrier and equal mobility when empty or sub- 
strate-loaded (see later). The slopes of these fits at 
t = 0 were taken as initial velocities [1]. For esti- 
mating initial transport velocities from single time 
courses of transmembrane equilibration of the 
substrate, the integrated rate equation was fitted 
with the Michaelis-Menten constant ( K )  fixed at 
200 /~M for hypoxanthine and 5 mM for uracil 
(see later). In the case of adenine, a first order rate 
equation, Sz, = $1(1 - e-k ' ) ,  was fitted to the time 
courses of transmembrane equilibration, where k 
= first-order rate constant and $1 and $2= 
extracellular and intracellular substrate concentra- 
tions, respectively. This equation adequately 
describes the zero-trans transmembrane equilibra- 
tion of a substrate at concentrations well below 
the Michaelis-Menten constant for transport [1,27]. 

For measuring the efflux of radiolabeled 
adenine, samples of suspension of about 5 . 1 0  9 

cel ls /ml  were equilibrated with specified con- 
centrations of radiolabeled adenine. Then, the sus- 
pension of preloaded cells was mixed at timed 
intervals in a ratio of 1:7.3 (opposite to that in 
influx measurements) with Tris-saline (exit) or 
with Tris-saline containing unlabeled adenine at 
the same concentration as labeled adenine used in 
preloading the cells (outward equilibrium ex- 
change). Exit measurements with this protocol are 
not strictly zero-trans, since the extracellular con- 
centration of substrate at zero time is not nil, but 
rather 12% of that inside the cells. Exit velocities 
were estimated by fits of a first-order rate equa- 
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tion, Sz, * = ($2. o - Sz,~) e -k '  + $2, ~, to the data, 
where $2.o and $2,~ are the intracellular con- 
centrations of substrate at 0 time and at infinity, 
respectively. 

Measurement of uptake of radiolabeled cytosine, 
L-glucose and 8-azaguanine. Suspensions of red 
cells were supplemented with radiolabeled sub- 
strate and sampled manually at appropriate time 
intervals of incubation. The cells were collected by 
centrifugation through oil and analyzed for radio- 
activity as described for transport assays. Initial 
velocities of uptake were estimated by fitting a 
first-order rate equation to the time courses of 
substrate transmembrane equilibration as already 
described for adenine influx. 

Materials. [2-3H]Hypoxanthine, [8-14C]hypo- 
xanthine, [2-3H]adenine, [8-14C]adenine, [5- 
3H]uracil and [5-3H]cytosine were purchased from 
Moravek Biochemicals (Brea, CA) and L-[3H]glu - 
cose from New England Nuclear (Boston, MA). 
Unlabeled nucleosides, purines, pyrimidines and 
L-glucose were obtained from Sigma Chemical 
Company (St. Louis, MO). Dipyridamole and di- 
lazep were gifts from Geigy Pharmaceuticals 
(Yonkers, NY) and Asta Werke (Frankfurt, 
F.R.G.), respectively. 

Results 

Hypoxanthine uptake 
As reported by other investigators [30,31] we 

have previously found that the phosphoribosyla- 
tion of hypoxanthine and adenine by human 
erythrocytes is very inefficient when incubated in 
media without phosphate or containing a physio- 
logical concentration of phosphate (1 mM), but 
that it is strongly stimulated by phosphate con- 
centrations in the 5 to 80 mM range [32]. In the 
present study, we have used rapid kinetic tech- 
niques to determine detailed initial time courses of 
uptake by these cells of radiolabeled hypoxanthine 
in the 0.02 to 50/IM range in the absence (Fig. 1A 
and presence of 50 mM phosphate (Fig. 1B). The 
concentration of [3H]hypoxanthine was kept con- 
stant while its specific radioactivity was decreased 
by addition of unlabeled hypoxanthine. The acid- 
soluble pools were extracted after 80 s of incuba- 
tion and analyzed chromatographically for the 
proportion of radioactivity in IMP and hypo- 
xanthine (Table I). At low concentrations of 
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Fig. 1. Time courses of uptake of various concentrations of 
hypoxanthine by human erythrocytes at 30 °C in the absence 
(A) and presence of 50 mM phosphate (B). The uptake of the 
indicated concentrations of [3H]hypoxanthine (106 cpm//~l, 
irrespective of concentration) by samples of a suspension of 
7.108 red cells/ml of Tris-saline was measured by rapid 
kinetic techniques as described under Experimental proce- 
dures. The portion of the suspension used in (B) was supple- 
mented with 50 mM phosphate (Pi) 10 min prior to the 
beginning of uptake measurements. The acid-soluble pools 
were extracted from samples of cells at 80 s of incubation and 
chromatographed with solvent 28 (see Table I). The broken 
lines indicate the intracellular concentration of radioactivity 

equivalent to that in the medium. 

[3H]hypoxanthine ( < 5  ffM), radioactivity was 
taken up rapidly and accumulated above equi- 
l ibr ium levels, but  in the absence of phosphate,  
uptake slowed down within 5 -10  s (Fig. 1A). In  
cells incubated in the presence of phosphate,  con- 
siderable amounts  of radiolabeled IMP accu- 
mulated,  while the intracel lular  concentra t ion  of 
unmodif ied  hypoxanth ine  at 80 s of incuba t ion  
was < 50% of that in the med ium (Table I). As 
expected (see Ref. 33), IMP  was the only nucleo- 
tide formed. The amounts  of radioactivity accu- 
mulated by the cells (Fig. 1B) and  the propor t ion  

converted to IMP (Table I) decreased progres- 
sively with increase in absolute hypoxanth ine  con- 
centrat ion,  obviously due to saturat ion of the hy- 
poxanth ine  phosphoribosyltransferase ( K  m = 10 
/~M, Ref. 26). At 20 or 50 ffM [3H]hypoxanthine,  

TABLE l 

INTRACELLULAR CONCENTRATIONS OF RADIO- 
LABELED IMP AND HYPOXANTHINE IN ERYTHRO- 
CYTES INCUBATED WITH VARYING CONCENTRA- 
TIONS OF [3H]HYPOXANTHINE FOR 80 s IN THE AB- 
SENCE AND PRESENCE OF 50 mM PHOSPHATE AT 
30°C 

Details of the experiment are described in the legend to Fig. 1. 
The acid-soluble pools were prepared from samples of ceils 
after 80 s of incubation with [3H]hypoxanthine (Hyp) and 
chromatographed with solvent 28. All values are corrected for 
[3H]hypoxanthine trapped in extracellular space in the acid 
extracts. The intracellular concentration of radioactivity equal 
to that in the medium was 2680 cpm/3.5-108 ceils (see Fig. 1). 

Hypo- (cpm/3.5 • 108 cells) 

xanthine without Pi with 50 mM Pi 
(t~M) 

IMP Hypa Total IMP Hyp" Total 

0.02 350 4 2 8 0  4630  11640 1010 13000 
0.12 340 4 1 3 0  4470  10500 820 11 320 
0.82 150 3 6 4 0  3 8 1 0  8740 1080 9820 
5 50 2 920 2 970 6 070 1 780 7 850 

20 20 2 620 2 640 1700 2 250 3 950 
50 0 2 1 4 0  2140 460 1 750 2 210 

Fraction contains any inosine that might have been formed. 

relatively little of the radioactivity became con- 
verted to IMP in 80 s of incuba t ion  and the 
concentra t ions  of unmodif ied  [3H]hypoxanthine 

accumulated intracellularly approached that in the 

external medium (Table I). 
When  the red cells were incubated in phos- 

phate-free medium,  on the other hand,  little of the 

intracel lular  radioactivity was associated with 
IMP,  even at [3H]hypoxanthine concentra t ions  < 1 
ffM (Table I). At the latter concentrat ions,  un-  
modified [3H]hypoxanthine was found intracellu- 

larly at levels about  60% higher than that in the 

medium.  We have observed this apparent  con- 
centrative accumula t ion  of hypoxanth ine  when 
present in the medium at low concentra t ions  in 
several experiments as well as with low concentra-  
tions of adenine  (see later). At concentra t ions  of 5 
/~M hypoxanth ine  or higher, on the other hand,  
unmodif ied  [3H]hypoxanthine accumulated only 
to about  equi l ibr ium levels (Fig. 1A, Table  I). 

Hypoxanthine transport 
The f inding that little of the hypoxanth ine  taken 

up at concentra t ions  above 20 /~M became phos- 



phoribosylated in 1 min of incubation allowed 
measurements of its transmembrane equilibration 
at these concentrations. Fig. 2 illustrates repre- 
sentative time courses of hypoxanthine equilibra- 
tion across the membrane, which indicate satura- 
tion of hypoxanthine entry. Fitting an integrated 
rate equation based on the simple carrier model 
[1,7] to the time courses of transmembrane equi- 
libration of six concentrations of hypoxanthine 
ranging rom 30 to 960 /~M yielded a Michaelis- 
Menten constant (K) for hypoxanthine transport 
of about 200 /~M in three independent experi- 
ments (Table II). The fit was based on a simple 
carrier with directional symmetry and equal mo- 
bility of empty and hypoxanthine-loaded carrier 
[1]. This model seems to describe adequately hy- 
poxanthine transport in human erythrocytes. This 
is indicated first by the excellent fit of the ap- 
propriate integrated rate equation to the experi- 
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Fig. 2. Zero-trans influx of hypoxanthine in human  erythro- 
cytes at 25 o C. Time courses of t ransmembrane equilibration 
of radioactivity from 30, 60, 120, 240, 480 and 960 I~M 
[14C]hypoxanthine (35 cpm/~tl,  irrespective of concentration) 
were determined by rapid kinetic techniques as described in 
Experimental procedures. Radioactivity values/cell  pellet were 
converted to p m o l / ~ l  cell water on the basis of an experimen- 
tally determined cell water space. The integrated zero-trans 
rate equation for a simple carrier with directional symmetry 
and equal mobility when empty and loaded was fitted to the 
time courses pooled for all six concentrations. The best fitting 
kinetic parameters are stated in Table II (first line). Repre- 
sentative time courses are illustrated in panels A - D .  v]~ values 

are expressed in pmol/ t~l  cell water per second. 
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TABLE II 

KINETIC PARAMETERS FOR THE TRANSPORT OF 
HYPOXANTHINE,  URACIL  A N D  A D E N I N E  IN H U M A N  
ERYTHROCYTES AT 25 ° C 

The kinetic parameters in the first line were estimated from the 
data in Fig. 2. The other experiments were conducted in the 
same manner. K and V are the Michaelis-Menten constant  
and maximum velocity, respectively, for a carrier with direc- 
tional symmetry and equal mobility when empty and sub- 
strate-loaded [1] and k = first-order rate constant. Adenine 
t ransmembrane equilibration was measured in the same way at 
100, 200, 400, 800, 1600, 3200 and 5000 ~M, but k was 
estimated by fitting the integrated first-order rate equation to 
each time course as described in Experimental procedures. The 
value presented is the mean of the estimates for the seven 
adenine concentrations. 

Substrate Range K V V / K  = k 

tested (btM) ( t t M / s )  (s -1 ) 
(/~M) 

Hypoxan- 
thine 30-  960 143+ 10 39.2+ 1.0 0.27 

30-  960 284+ 18 34.6+ 0.8 0.12 
30-  960 190+ 13 45.5+ 1.1 0.24 

Uracil 24-3840 5543_+512 190 _+10 0.034 
Adenine 100-5000 no saturation 0.055 

mentally determined time courses of hypoxanthine 
uptake (see Fig. 2 and S.E. of estimate of the 
fitted kinetic parameters in Table II). Second, the 
velocities of equilibrium exchange (v ee) and of 
z e r o - t r a n s  entry (v~) at a hypoxanthine con- 
centration well above the K m ,  which thus ap- 
proached maximum velocities, were about the same 
(Fig. 3A). Equality of maximum velocity of equi- 
librium exchange (V  ee ) and z e r o - t r a n s  entry (VaZ~) 
is only observed with a completely symmetrical 
system [1], since by definition V Z t / K Z t -  v e e / K  ee 

for the simple carrier [1,7]. The time courses of 
transmembrane equilibration of [3 H]hypoxanthine 
at a concentration of 1 mM under z e r o - t r a n s  and 
equilibrium exchange conditions clearly differed 
(Fig. 3A), but this difference was entirely con- 
sistent with the simple symmetric carrier (for com- 
puter simulations see Ref. 12) and the kinetic 
parameters determined experimentally for the hy- 
poxanthine transporter (Table II). In addition, 
directional symmetry was confirmed by direct ex- 
perimental analysis of the z e r o - t r a n s  influx and 
efflux of 2.5 mM hypoxanthine (data not shown, 
for protocol see Fig. 6). 
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Fig. 3. Comparison of time courses of transmembrane equilibration of [14C]hypoxanthine (A), [3H]uracil (B) and [14C]adenine by 
human erythrocytes in zero-trans (zt) and equilibrium exchange (ee) modes at 25°C. Samples of suspensions of about 6.108 
erytbrocytes/ml of Tris-saline were preincubated with 1 mM unlabeled bypoxanthine (Hyp), 4 mM uracil (Ura) or 1 mM adenine 
(Ade) at 37 °C for about 1 h. After cooling to 25 ° C, the uptake of 1 mM [14C]hypoxanthine (31 cpm/nmol), 4 mM [3H]uracil (130 
cpm/nmol) or 1 mM [14C]adenine (70 cpm/nmol) was measured by rapid kinetic techniques in the preloaded cells (ee) and 
non-preloaded cells (zt). Radioactivity values for cell pellets were converted to nmol of nucleobase/#l cell water on the basis of 

experimentally determined water spaces. 

Uracil transport and permeation of cytosine 
Uracil and cytosine are not metabolized by 

human red cells, which simplifies measurement of 
their transmembrane equilibration in unmodified 
form. Uracil entry into the red cells was found to 
be saturable with a Michaelis-Menten constant of 
about 5.5 mM (Table II). The value is only a 
rough estimate, since it is based on velocities 
obtained in a concentration range of 24 to 3840 
ffM uracil. Because of solubility limitations, higher 
concentrations could not be tested. The same 
arguments already presented for hypoxanthine 
indicate that uracil transport is mediated by a 
simple carrier with directional symmetry and equal 
mobility when empty and uracil-loaded (Fig. 3B), 
However, the transport efficiency of uracil trans- 
port as quantitated by the first-order rate constant 
(k  = V / K )  was considerably lower than that of 
hypoxanthine transport (Table II). 

Cytosine transmembrane equilibration was 
much slower than that observed for uracil and 
hypoxanthine and thus required measurements 
over time periods of minutes rather than seconds 
(Fig. 4). Entry into the cells was probably non- 
mediated. This conclusion is indicated by the 
slowness of uptake and the finding that the rate of 

cytosine permeation in relation to its lipid solubil- 
ity (measured by its solubility in octanol relative 
to that in water) was similar to that of 8-azaguanine 
and L-glucose (Fig. 4 and Table III), whose entry 
into cells is also thought not to be mediated by a 
carrier [16,34]. In agreement with this conclusion 
is the finding that the uptake of 400 ffM [3H]cyto- 
sine by the red cells was not significantly affected 
by the presence of 2 mM uracil, hypoxanthine or 
adenine, that cytosine uptake did not show any 
sign of saturation up to a concentration of 4 mM 
(data not shown) and that cytosine had no effect 
on the transport of hypoxanthine, uracil and 
adenine (see later). 

Adenine uptake and transport 
The time courses of uptake of [3H]adenine in 

the absolute concentration range of 0.02 to 50 #M 
in the absence (Fig. 5A) and presence of phos- 
phate (Fig. 5B) were comparable to those observed 
with [3H]hypoxanthine. Adenine entered the cells 
rapidly and, at the lower concentrations, radioac- 
tivity accumulated intracellularly to concentra- 
tions well above that in the medium. Much of the 
intracellular radioactivity was associated with 
adenine nucleotides (Table IV). Much higher con- 
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Fig. 4. Time courses of uptake of 8-azaguanine, cytosine and 
L-glucose by human erythrocytes at 25 ° C. Samples of a sus- 
pension of 8.10 s red cells/ml of Tris-saline were supple- 
mented with 400 /~M [14C]azaguanine (80 cpm/gl), 400 gM 
[3H]cytosine (210 cpm/gl) or 10 mM L-[3H]glucose (350 
cpm//~l). The suspensions were sampled manually at intervals 
and the cells separated from the medium by centrifugation 
through oil and analyzed for radioactivity. Intracellular radio- 
activity values are averages of duplicate 0.5-ml samples of cell 
suspension and are expressed as percent of intracellular-ex- 
traceUular equilibrium of permeant, which was calculated on 
the basis of an experimentally determined cell water space. A 
first-order rate equation was fitted to the curves (see Experi- 
mental procedures) and the best-fitting first-order rate con- 

stants (k) are included in the means presented in Table III. 

centra t ions  of labeled adenine  nucleotides accu- 

mulated in cells incubated  in the presence than in 
the absence of phosphate.  Uptake  of radioactivity 
decreased with increase in absolute adenine  con- 
cent ra t ion  whether or not  phosphate  was present  
and  this apparent  saturat ion of uptake, as in the 

case of hypoxanthine,  correlated mainly  with a 
decrease in the incorpora t ion of radioactivity into 
nucleotides. However, in the absence of phosphate  
there was also a decrease in absolute adenine  
concent ra t ion  in the medium. Results similar to 
those shown in Fig. 5 and Table  IV were obta ined 
in three independen t  experiments.  In  all experi- 
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Fig. 5. Time courses of uptake of various concentrations of 
adenine in the absence (A) and presence (B) of 50 mM 
phosphate by human erythrocytes at 30 °C. Suspensions of 
8.10 s red cells/ml of Tris-saline or Tris-saline supplemented 
with 50 mM phosphate (Pi) were incubated at 37°C for 15 
min. After cooling to 30 ° C, the uptake of [3H]adenine (220 
cpm/gl, irrespective of concentration) was measured by rapid 
kinetic techniques as described under Experimental proce- 
dures. The acid-soluble pools were extracted from samples of 
cells at 80 s of incubation and chromatographed with solvent 
28 (see Table IV). The broken lines indicate the intracellular 
concentrations of radioactivity equivalent to those in the 

medium. 

ments,  the intracel lular  concentra t ions  of free 

adenine  accumulat ing in the cells exceeded that in 
medium,  especially in cells incubated  with low 
concentra t ions  of adenine  in the absence of phos- 

phate (Table IV). 
In  most experiments dealing with [3H]adenine 

uptake,  the uptake curves did not  seem to ex- 
trapolate to zero (see Fig. 5), but  the apparent  
intercept  in relat ion to the equi l ibr ium level varied 

in independen t  experiments with different popula-  
t ions of erythrocytes. The reasons for this f inding 

are not  clear; it could reflect variable b ind ing  of 
adenine  to cell surface components  as we have 

observed with some cultured m a m m a l i a n  cells [15]. 
In  other experiments,  we found the time courses 
of uptake of radiolabeled adenine  and  of its con- 
version to nucleotides by rabbi t  erythrocytes to be 
comparab le  to those observed with h u m a n  
erythrocytes (data no t  shown, see Fig. 5). 

In  extension of the data  in Fig. 5, we measured 
the t r ansmembrane  equi l ibra t ion of adenine  at 
concent ra t ions  ranging from 100 to 5000 gM, the 
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TABLE Ill 

OCTANOL PARTITION COEFFICIENTS A N D  FIRST-ORDER RATE CONSTANTS FOR N O N - M E D I A T E D  PERMEA- 
TION A N D  FACILITATED T R A N S P O R T  OF VARIOUS NUCLEOBASES IN H U M A N  ERYTHROCYTES AT 25 o C 

Z is the partition coefficient: concentration of substance in octanol /concentrat ion in aqueous buffer solution determined previously 
[18]. k, apparent first-order rate constant for transport or permeation; calculated as V/K for hypoxanthine and uracil transport from 
the data in Table II. The value for adenine is a mean of values obtained in a single experiment with adenine concentrations ranging 
from 100 to 5000 p.M. A similar value has been obtained in three other experiments with varying adenine concentrations. The values 
for cytosine, 8-azaguanine and e-glucose were estimated from the data in Fig. 4 and results from other experiments conducted in a 
similar manner. 

Permeant Z (mean_+ S.E.) 103 x k (s 1) (mean_+ S.E.) k / Z  (s - I )  

Hypoxanthine 0.115 +0.009 210 ±46 (n = 3) 1.83 
Adenine 0.105 ±0.015 55 ± 3.6 (n = 7) 0.52 
Uracil 0.0778 + 0.004 34 (n = 1) 0.44 
Azaguanine 0.173 ±0.064 5.7 (n =1)  0.033 
Cytosine 0.0352 _+0.0007 0.55 ± 0.42 ( n = 3 )  0.016 
L-Glucose 0.00158 ± 0.00003 0.034_+ 0.007 (n = 3) 0.022 

highest concentration of adenine that could be 
tested because of solubility limitations. Initial en- 
try velocities were estimated by integrated rate 
analysis as the slopes of the equilibration curves at 
zero time. As demonstrated already (Table IV), at 
these concentrations and in the absence of phos- 
phate, < 5% of the entering adenine became phos- 
phoribosylated during the time period of the 
transport assay. There was no indication of any 
saturation of entry up to 5 mM; all first-order rate 
constants fell within 0.0525 and 0.0576/s.  This 
result was confirmed in two other independent 
experiments. Combined, our results support the 

view that adenine is transported by an adenine- 
specific transporter with relatively low affinity for 
its substrate, but this conclusion would not be 
proved unequivocally. The main evidence for car- 
rier mediated entry of adenine is its rapidity. The 
first-order rate consant for adenine entry was of 
the same order of magnitude as those for hypo- 
xantine and uracil transport (Table II) as well as 
for adenine transport in various cultured mam- 
malian cell lines, which exhibit Michaelis con- 
stants for transport of 2-5 mM at 25°C [1,15]. 
The same applied to the ratio of the first-order 
rate constant of entry over the octanol partition 

TABLE IV 

I N T R A C E L L U L A R  C O N C E N T R A T I O N S  OF R A D I O L A B E L E D  A D E N I N E  N U C L E O T I D E S  A N D  A D E N I N E  IN 
ERYTHROCYTES INCUB AT E D W IT H VAR YING C O N C E N T R A T I O N S  OF [3H]ADENINE FOR 80 s IN THE ABSENCE 
A N D  PRESENCE OF 50 m M  PHOSPHATE AT 30 o C 

The details of the experiment are described in the legend to Fig. 5. The acid-soluble pools were prepared from samples of cells after 
80 s of incubation with [3H]adenine (Ade) and chromatographed with solvent 28. All values are corrected for [3H]adenine trapped in 
acid extracts via the extracellular water space of cells. The intracellular concentration of radioactivity equal to that in the medium 
was 7000 c p m / 4 . 1 0  s cells. AXP = > 85% ATP, the remainder ADP and AMP. 

Adenine c p m / 4 . 1 0 8  cells 

(~M)  without Pi with 50 m M  Pi 

AXP Ade Total AXP Ade Total 

0.02 18 000 26 000 54 000 88 800 8 400 97 200 
0.12 6 800 21000 27 800 87 000 8 000 95 000 
0.82 1 500 15 600 17100 32 000 12 900 44 900 
5 500 13300 13 800 5100 11 900 17000 

20 300 12 500 12 800 1100 11 700 12 800 
50 200 9 500 9 700 600 10 200 10 800 
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coefficient ( k / Z ) ,  which was much higher than 
those observed for the non-mediated permeation 
of cytosine, 8-azaguanine and L-glucose (Table 
III). Zero-trans influx and efflux of adenine at a 
concentration of 5 mM were about equal as was 
inward and outward equilibrium exchange (Fig. 
6), which indicates that the adenine transporter 
exhibits directional symmetry. The time courses of 
[3H]adenine transmembrane equilibration under 
zero-trans and equilibrium exchange conditions 
were identical (Figs. 3C and 6) as expected on the 
basis of the simple carrier model for substrate 
concentrations in the first order range (<< Kin) .  

However, because of the lack of information on 
the Michaelis-Menten constant for adenine trans- 
port, this test does not allow any conclusions as to 
the relative mobility of empty and adenine-loaded 
carrier. The zero-trans influx of 500 ~tM hypo- 
xanthine, adenine and uracil was not significantly 
affected by pH between 6.5 and 7.5 (data not 
shown). 

Effects of nucleobases on the transport of each other 
In order to obtain further information on the 

A 

d 

d 

number of base transport systems in human 
erythrocytes and their specificity, we have de- 
termined the effects of hypoxanthine, uracil and 
adenine on the zero-trans entry and countertrans- 
port of each other and at the same time have 
examined the effects on their transport of various 
substances that act as inhibitors of nucleoside 
transport [1-3]. The results were complex and are 
not readily interpretable according to presently 
available concepts. First, hypoxanthine influx was 
relatively strongly inhibited by adenine (Table V). 
This result might suggest that hypoxanthine and 
adenine are transported by a single carrier, and 
this suggestion is supported by the finding that 
hypoxanthine effected a similar 'countertransport '  
of [3H]adenine as of itself (Fig. 7A and B). Coun- 
tertransport refers to the transient concentrative 
accumulation of a substrate on the trans side of 
the membrane, which is caused by the presence of 
an excess concentration of the same or an alter- 
nate substrate on the trans side. The mechanism(s) 
involved have not been entirely elucidated, but 
may involve several different factors [1,7]. In our 
study, we assayed for countertransport by measur- 

I 
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B. EQUILIBRIUM EXCHANGE 
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Fig. 6. Comparison of efflux and influx (A) and inward and outward equilibrium exchange (B) of 5 mM adenine in human 
erythrocytes at 25 ° C. Transmembrane equilibration of 5 mM [14C]adenine was measured in triplicate in the four experimental 
protocols in the same population of erythrocytes (final density = 6.108 cells/ml of Tris-saline) by rapid kinetic techniques as 
described under Experimental procedures. The appropriate first-order rate equations were fitted to the time courses and the initial 
velocities (in pmol//.tl cell water) were calculated from the fitted first-order rate constant, v = Sk. The broken lines indicate the 

intracellular concentration of adenine equivalent to that in the medium. 
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TABLE V 

EFFECTS OF D1PYR1DAMOLE, DILAZEP A N D  U R I D I N E  ON THE Z E R O - T R A N S  INFLUX OF NUCLEOBASES IN 
H U M A N  ERYTHROCYTES A N D  OF THE NUCLEOBASES ON THE TRANSPORT OF EACH OTHER 

The zero-trans influx of the radiolabeled nucleobases was measured by rapid kinetic techniques at 2 5 ° C  in suspensions of 
(6.5-8)-108 red cel ls /ml  as described under Experimental procedures. The substances tested for inhibition were mixed with cells 
simultaneously with the substrate to the final concentrations shown. Ade, adenine; Hyp, hypoxanthine;  Ura, uracil; Cyt, cytosine; 
Urd, uridine; DIP, dipyridamole; DLZ, dilazep. The results are compiled from several experiments. In the main experiments, the 
initial velocities ( u ~ )  for control suspensions were 28.4+1.7; 21.7_+3.3, and 14.3+0.5 pmol / ' a l  cell water per second for 
hypoxanthine, adenine and uracil influx, respectively. % I, percentage inhibition. 

Substrate 

500 'aM hypoxanthine 500 'aM adenine 500 'aM uracil 

Addition % I Addition % 1 Addition % I 

0.1 mM Ade 64 0.5 mM  Hyp 30 0.5 mM Hyp 33 
0.3 mM Ade 85 1 mM  Hyp 40 2 mM Hyp 47 
1 mM Ura 16 3 mM Ura 2 0.5 m M A d e  30 
2 mM Ura 28 2 m M  Ade 42 
3 mM Cyt 0 3 mM  Cyt 0 3 m M  Cyt 0 
1 mM Urd 14 1 mM  Urd 18 3 mM Urd 42 

20 'aM DIP 38 20 'aM DIP 20 40 #M DIP 30 
100 ~tM DLZ 25 20 'aM DLZ 16 100 ,aM DLZ 22 

ing the uptake of radiolabeled hypoxanthine, 
adenine or uracil, all at 50/ tM,  into cells that had 
been preloaded with 5 mM hypoxanthine, adenine 
or uracil (Fig. 7). 

The view that adenine and hypoxanthine are 
transported by the same carrier, however, is con- 
tradicted by the finding that hypoxanthine had far 
less affect on adenine influx than adenine had on 

r I T 

A [3H]HYPOXANTHINE 
2 0 0  

~ . . . . . . . .  fO0 

0 5 PO 15 0 

r r 1 
B ['4C] ADENINE 

5 

c [3H] URAC,L 

PRELOADE D (5 mM ) 

C-  NONE 

0- Ade 

~-  Hyp 

A- Uro 

fO 15 0 5 tO t5 

TIME (MIN)  

Fig. 7. 'Counter t ransporr  of hypoxanthine (A), adenine (B) and uracil (C) by each other in human  erythrocytes. Samples of a 
suspension of 7.7.108 red cel ls /ml of Tris-saline were supplemented with 5 mM adenine (Ade), 5 mM hypoxanthine (Hyp) or 5 mM 
uracil (Ura) or remained without addition (control). The suspensions were incubated at 37 ° C  for 1 h. The cells were collected by 
centrifugation at 4 ° C  and washed once by suspension and centrifugation in ice cold Tris-saline and then suspended to the original 
density in Tris-saline containing 50 'aM [3H]hypoxanthine (143 cpm/,ul) ,  50 ,aM [14C]adenine (77 cpm/ 'a l )  or 50 /.tM [3H]uracil (64 
cpm/ 'a l )  at 35 o C. After various times of incubation at 25 o C, the cells from 0.5-ml of suspension were collected by centrifugation 
through oil and analyzed for radioactivity. All values are averages of duplicate samples and were corrected for radioactivity trapped 
in the extracellular space of cell pellets and converted to pmol/btl  cell water on the basis of an experimentally determined cell water 

space. The broken lines indicate the intracellular concentrations of substrate equal to those in the medium. 



hypoxanthine influx (Table V), even though the 
K m for its transport is much lower than that for 
adenine transport. Furthermore, preloading the 
cells with 5 mM adenine inhibited the uptake of 
[3H]hypoxanthine rather than eff.ecting its coun- 
tertransport (Fig. 7A). In addition, it slightly in- 
hibited the uptake of 50 /zM [aaC]adenine (Fig. 
7B). Results similar to those shown in Fig. 7 were 
obtained in three independent experiments. Fur- 
thermore, in each, radiolabeled adenine accu- 
mulated intracellularly above equilibrium levels 
(see Fig. 7B), even though conversion to intracellu- 
lar nucleotides was negligible (data not shown). 

Uracil, at a concentration of 5 mM, effected 
only a slight countertransport of itself, as expected 
from the high g m for its transport. However, it 
effected a similar countertransport of hypo- 
xanthine and adenine (Fig. 7) even though it in- 
hibited the influx of hypoxanthine and adenine 
only slightly or not at all, respectively (Table V). 
Its own influx was similarly inhibited by hypo- 
xanthine and adenine, but only at relatively high 
purine concentrations. Preloading the cells with 
hypoxanthine had no effect on uracil influx. In 
contrast, preloading with adenine inhibited uracil 
influx just as it inhibited the influx of [3H]hypo- 
xanthine and of itself (Fig. 7). Cytosine had no 
effect on the z e r o - t r a n s  influx of adenine, hypo- 
xanthine and uracil (Table V) and did not coun- 
tertransport with the three substrates (data not 
shown). 

Uridine, a substrate for the nucleoside trans- 
porter, had little effect on hypoxanthine and 
adenine transport (Table V). It had a slightly 
greater effect on uracil influx, but the inhibition 
was still low considering the high concentration of 
uridine that was tested (3 mM, i.e., about 10-times 
the K m for uridine influx Ref. 8). 

Dipyridamole and dilazep, two strong inhibi- 
tors of the equilibrium exchange of 500/~M uridine 
in human red cells (ICs0 = 30 nM for both; Refs. 
35 and 36) had relatively little effect on adenine, 
uracil and hypoxanthine transport (Table V). 

Discussion 

The kinetic analyses clearly indicate that hu- 
man erythrocytes possess transport systems for 
hypoxanthine and uracil (Table II). The hypo- 
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xanthine transporter is not significantly inhibited 
by uridine (Table V) and nucleoside transport in 
these cells is not significantly inhibited by hypo- 
xanthine or adenine [8]. In these properties and its 
kinetic parameters hypoxanthine transport in hu- 
man red cells resembles that of one group of 
mammalian cell lines, which includes mouse P388, 
L1210 and L929 cells [13]. Hypoxanthine trans- 
port in the latter cells is also highly resistant to 
inhibition by dipyridamole [13] another property 
shared with the hypoxanthine transporter of hu- 
man red cells (Table V). In another group of cell 
lines that includes Novikoff and HTC rat 
hepatoma cells and Chinese hamster ovary cells, 
on the other hand, there exists a clear overlap of 
nucleoside and hypoxanthine transport and hypo- 
xanthine transport is inhibited by dipyridarnole 
with an IC50 of about 0.3/~M [13]. 

Uracil transport in human erythrocytes is com- 
parable in its kinetic parameters and efficiency 
(Table II) with that observed in a few types of 
cultured mammalian cells that have been ex- 
amined (k = 0.06-0.028/s; Ref. 14). Also, both 
uracil and hypoxanthine transport in the red cells 
exhibit directional symmetry and equal mobility 
of loaded and empty carrier, and the cells lack a 
cytosine transporter just as observed in cultured 
cells. 

The rapidity of entry of adenine into the 
erythrocytes as compared to the rate of non-medi- 
ated permeation of similar hydrophilic substances 
suggests that it is facilitated by a transporter (Ta- 
bles II and III) but further evidence in support of 
this conclusion is desirable. The adenine trans- 
porter must exhibit a very low affinity for adenine. 
since no saturation of influx was apparent up to a 
concentration of 5 mM (Table III). However, the 
affinity of the adenine transporter of cultured cells 
for its substrate is also relatively low (K = 2-5 
mM; Refs. 1, 15). 

Overall the results with red cells were similar to 
those with cultured cells and have not yielded 
definitive conclusions as to the number of inde- 
pendent nucleobase transporters that are present. 
Nevertheless, we favor the view that hypo- 
xanthine, uracil and adenine are transported by 
independent carriers since hypoxanthine has little 
effect on adenine and uracil transport (Table V), 
even though the Michaelis-Menten constant for its 
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t ranspor t  is much lower than those for the o ther  
two nucleobases.  The reverse inh ib i t ion  of  hypo-  
xanth ine  t r anspor t  by  adenine  might  be expla ined  
by  b inding  of adenine  to the hypoxan th ine  t rans-  
po r t e r  wi thout  being t r anspor ted  itself, Precedents  
for such effects have been repor ted  [7,37]. Ma in ly  
unexpla ined  are the inhibi t ions  of  the influx of  the 
rad io labe led  nucleobases  in to  red cells that  had  
been p re loaded  with 5 m M  adenine  in counter-  
t ranspor t  exper iments ,  the coun te r t r anspor t  of 
adenine  by  hypoxanth ine ,  and the slight but  simi- 
lar coun te r t r anspor t  of all three nucleobases  by  
uracil  (Fig. 7). Reso lu t ion  of these observat ions  
requires in fo rmat ion  on the molecu la r  na ture  of  
these t ransporters .  Unfor tuna te ly ,  their  ident i f ica-  
t ion at the molecular  level is impeded  by  the lack 
of high-aff ini ty  p robes  for them. 

We also have no unequivocal  exp lana t ion  for 
the appa ren t  slight concent ra t ive  accumula t ion  of  
hypoxan th ine  and adenine  when present  at low 
concent ra t ions  (Tables  I and  IV). I t  could  reflect  
opera t ion  of  a high-aff ini ty  active t r anspor t  sys- 
tem, but  o ther  factors might  be  responsible ,  since 
the initial  rates of  up take  of the nucleobases  at 
low concent ra t ions  are commensura t e  within ex- 
per imenta l  errors  with the rates p red ic ted  on the 
basis of f i rs t -order  rate  cons tan ts  for their  non-  
concentrat ive ,  low-aff in i ty  t ranspor t .  One alter-  
nate  exp lana t ion  is the sa turab le  b ind ing  of  the 
nucleobases  to in t race l lu lar  components .  A n o t h e r  
is that  the concent ra t ive  accumula t ion  of hypo-  
xanth ine  and adenine,  especial ly in the absence  of  
P~, reflects the init ial  t r app ing  of  the enter ing 
nucleobases  by  phosphor ibosy la t ion ,  thereby con- 
suming the l imited amount s  of  P-Rib-PP avai la-  
ble in the cells, coupled  with r ap id  turnover  of  the 
nucleotides.  These  quest ions can only be  resolved 
by measur ing  nuc leobase  up take  in cells, in which 
all phosphor ibosy la t ion  is comple te ly  b locked  
ei ther  genet ical ly or chemical ly  and which can be 
readi ly  deple ted  of  ATP.  
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