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Nucleoside and nucleobase transport and metabolism were measured in ATP-depleted and normal A edes 

albopictus  mosquito cells (line C-7-10) by rapid kinetic techniques. The cells possess a facilitated diffusion 
system for nucleosides, which in its broad substrate specificity and kinetic properties resembles that present 
in many types of mammalian cells. The Michaelis-Menten constant for uridine transport at 28°C is about 
180 pM. However, the nucleoside transporter of the mosquito cells is resistant to inhibition by nmolar 
concentrations of nitrobenzylthioinosine and the cells lack high affinity nitrobenzylthioinosine binding sites. 
The cells also possess an adenine transporter, which is distinct from the nucleoside transporter. They lack, 
however, a hypoxanthine transport system and are deficient in hypoxanthine phosphoribosyltransferase 
activity, which explains their failure to efficiently salvage hypoxanthine from the medium. The cells possess 
uridine and thymidine phosphorylase activities and, in contrast to cultured mammalian cells, efficiently 
convert uracil to nucleotides. An adenosine-resistant variant (CAE-3-6) of the C-7-10 cell line is devoid of 
significant nucleoside transport activity but transports adenine normally. Residual entry of various nucleo- 
sides into these cells and of hypoxanthine and cytosine into wild type and mutant cells is strictly 
non-mediated. The rate of permeation of various nucleosides and of hypoxanthine into the CAE-3-6 cells is 
related to their hydrophobicity. Uridine permeation into CAE-3-6 cells exhibits an activation energy of about 
20 kca l /mol .  At high uridine concentrations permeation is sufficiently rapid to partly overcome the 
limitation in nucleoside salvage imposed by the nucleoside transport defect in these cells. 

Introduction 

Various types of mammalian cells express only 
a single non-concentrative nucleoside transporter 
[1-3], which, however, exists in two forms [4-7]. 
Both forms exhibit similar kinetic properties and 
broad substrate specificity, but are distinguished 
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on the basis of their sensitivity to inhibition by 
nitrobenzylthioinosine (NBTI); one system is in- 
hibited by nmolar concentrations of NBTI and 
inhibition correlates with binding of NBTI to 
high-affinity binding sites on the transporter (K  d 
= 0.5 nM; designated NBTI-sensitive transport), 
whereas the other system lacks high affinity NBTI 
binding sites and is inhibited only by /*molar 
concentrations of NBTI (designated NBTI-re- 
sistant transport). In addition, Na+-dependent, 
concentrative nucleoside transport has been de- 
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tected in brush-border membranes of the kidney 
and intestine [8,9]. In mammalian cell lines, 
adenine and uracil each are transported by non- 
concentrative systems distinct from those trans- 
porting nucleosides or hypoxanthine [10,11]. In 
some cell lines, hypoxanthine is also transported 
by a system that is clearly different from that 
transporting nucleosides, but in other cell lines, 
nucleoside and hypoxanthine transport exhibit 
overlapping properties [7,12,13]. 

Little is known about the nucleoside and 
nucleobase transport systems of other vertebrates 
and of invertebrates. Sherwood and StoUar [14] 
have isolated an adenosine-resistant variant 
(CAE-3-6) from a line of Aedes albopictus 
mosquito cells (C-7-10), which exhibits an en- 
hanced resistance to growth inhibition by a num- 
ber of different nucleoside analogs and is defective 
in the uptake of 20 #M adenosine and thymidine. 
These results suggested that the mosquito cells 
possess a nucleoside transport system with a broad 
substrate specificity similar to that of the trans- 
porter of mammalian cells. In the present study, 
we have characterized the nucleoside and nucleo- 
base transport systems of these cells and assessed 
the effect of a nucleoside transport deficiency on 
the ability of the cells to salvage nucleosides and 
nucleobases. 

Experimental procedures 

Cell culture. The clonally derived C-7 line of 
Aedes albopictus and its adenosine-resistant variant 
(CAE-3) have been described previously [14]. The 
C-7-10 and CAE-3-6 cells used in the present 
study are subclones of the C-7 and CAE-3 lines, 
respectively. All cells were propagated at 30°C in 
suspension culture in Eagle's minimal essential 
medium, which was supplemented with 10% (v/v)  
fetal bovine serum, non-essential amino acids, 
Pluronic F68 and additional 10 mM D-glucose as 
described for mammalian cell lines [15]. For ex- 
periments, cells were harvested from mid to late 
exponential phase cultures and suspended to (1-5) 
• 1 0  7 cells/ml of serum free basal medium 42B 
(BM42B; Ref. 16). Cells were enumerated in a 
Coulter counter• Cultures of these cells were ex- 
amined for mycoplasma contamination by culture 
methods, DNA staining and mycoplasma-media- 

ted cytotoxicity of 6-methylpurine deoxyriboside 
[17]. No contamination was detected. 

Transport and uptake of nucleosides and purines. 
Transport denotes solely the transfer of unmod- 
ified substrate across the cell membrane as media- 
ted by a saturable, selective carrier. Uptake de- 
notes the total intracellular accumulation of radio- 
activity from exogenous labeled substrate regard- 
less of metabolic conversions. Nucleoside trans- 
port  in ATP-depleted wild-type C-7-10 cells was 
measured in cell suspensions at 28°C as described 
previously [1,6,18,19]. Time-courses of transmem- 
brane equilibration of substrate were determined 
under zero-trans and equilibrium exchange condi- 
tions [1] by rapid kinetic techniques (15 time 
points per time-course). Zero-trans data were 
evaluated by fitting an integrated rate equation, 
based on the simple carrier model, with direc- 
tional symmetry and equal mobility of empty and 
substrate-loaded carrier [1,20]. In experiments to 
determine Michaelis-Menten parameters, six sub- 
strate concentrations were used (40-1280 /~M), 
and the parameters were extracted by least-squares 
regression. Initial velocities of equilibrium ex- 
change were estimated by fitting the integrated 
rate equation for equilibrium exchange to the sub- 
strate equilibration curves [1,20]. Cells were de- 
pleted of ATP prior to transport measurements by 
incubation in glucose-free BM42B containing 5 
mM KCN and 5 mM iodoacetate at 28°C for 20 
min as described previously for mammalian cells 
[18,19]. 

Uptake of uridine, adenine and hypoxanthine 
by untreated wild type C-7-10 cells was measured 
in the same way and initial uptake velocities were 
estimated graphically from the initial linear por- 
tions of the uptake curves. For measuring effects 
of NBTI, dipyridamole and dilazep on uridine 
uptake, these were added to cell suspensions (at 
28°C) at least 2 min prior to the uptake assay. 

Longer time-courses of uptake of nucleosides 
and nucleobases were determined by supplement- 
ing samples of cell suspension with radiolabeled 
substrates and unlabeled nucleosides or inhibitors 
as indicated in appropriate experiments and sam- 
pling the suspensions manually during incubation 
at 28°C or other temperatures where indicated. 
The cells from 0.5-ml samples of suspension were 
collected by centrifugation through oil and 



analyzed for radioactivity [19]. 
In each experiment, values for radioactivity in 

cell pellets were corrected for substrate trapped in 
the extracellular space of cell pellets, which was 
estimated by the use of [14C]inulin [19]. Con- 
centrations of intracellular substrate equivalents 
were expressed on the basis of intracellular water 
space determined by the use of 3H20 [19]. The 
mean (+ S.E.) values for the intracellular water 
space (in/.tl/107 cells) were 10.9 ___ 0.8 (n = 12) for 
C-7-10 and 11.0 + 0.7 (n = 16) for CAE-3-6 cells. 

For fractionating the acid-soluble pool of 
labeled cells, samples of cells were centrifuged 
through an oil layer directly into 100 ~tl of a 
solution composed of 0.5 M trichloroacetic acid 
and 10% (w/v) sucrose, which rapidly quenches 
all metabolism [15,19]. To quantitate the various 
phosphorylated derivatives of uridine, the acid 
layer was further processed and analyzed by 
ascending paper chromatography with a solvent 
composed of 30 ml 1 M ammonium acetate (pH 5) 
and 70 ml 95% ethanol (solvent 28) as described 
previously [15,21]. For measuring uridine phos- 
phorolysis by whole cells, the cells were separated 
from the medium by centrifugation through oil 
and the supernatants were chromatographed with 
a solvent composed of 86 parts of n-butanol and 
14 parts H20 (solvent 30) for the separation of 
uridine and uracil [21]. For measuring thymidine 
phosphorylysis, thymidine and thymine in cell su- 
pernatants were separated and quantitated by 
HPLC using reverse phase chromatography. 
Filtered samples were passed isocratically with 10 
mM (NH4)2HPO 4 containing 10% (v/v) methanol 
through a Whatman Partisil ODS-3 column (4.5 × 
250 mm) at 1.5 ml/min at 37°C. The effluent was 
monitored at 260 nm and fractions corresponding 
to thymidine and thymine were collected and 
analyzed for radioactivity. 

Other methods. The octanol/water partition 
coefficients of nucleosides and purines were esti- 
mated as described previously [22] and hypo- 
xanthine phosphoribosyltransferase activity in cell 
free extracts was measured as described by 
Fenwick and Casky [23]. 

Materials. [8-14C]Adenine, [8-t4C]hypo - 
xanthine, [5-3H]uracil, [5-3H]cytosine, [2,8- 
3H]adenosine, [5-3H]uridine, [2,8-3H]deoxya- 
denosine, [methyl-3H]thymidine and [5-3H]de - 
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oxycytidine were purchased from Moravek Bio- 
chemicals (Brea, CA). Unlabeled nucleosides and 
nucleobases were obtained from Sigma Chemical 
Co. (St. Louis, MO) and unlabeled NBTI from 
Calbiochem (San Diego, CA). Dipyridamole, di- 
lazep and deoxycoformycin were gifts from Geigy 
Pharmaceutical's (Yonkers, NY), Asta Werke 
(Frankfurt, F.R.G.), and Warner/Lambert (Park 
Davis Co., Detroit, MI), respectively. 

Results and Discussion 

Uptake and transport of uridine by wild-type C-7-10 
cells 

Fig. 1A shows time-courses of uptake of vari- 
ous concentrations of [3H]uridine by C-7-10 cells 
measured by rapid kinetic techniques (the con- 
centration of [3H]uridine/ml of suspension was 
kept constant, while its specific radioactivity was 
decreased by addition of unlabeled uridine). At 
low concentrations of [3H]uridine (10 and 30/~M), 
the intracellular radioactivity accumulated to con- 
centrations exceeding those in the extracellular 
fluid by 40 s of incubation, whereas at 1 000 #M 
[3H]uridine only equilibration with the intracellu- 
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Fig. 1. Time-courses of uptake of various concentrations of 
uridine by C-7-10 cells. (A) The uptake of the indicated 
concentrations of [3H]uridine (200 cpm//xl,  irrespective of 
concentration) was measured in a suspension of 1.7.107 
cel ls /ml  by rapid kinetic techniques at 28°C as described in 
Experimental Procedures. Cell pellets were analyzed for radio- 
activity and the values corrected for substrate trapped in 
extracellular space. The broken line indicates the intracellular 
concentration of radioactivity equivalent to that in the medium 
at zero time. (B) The radioactivity values were converted to 
pmol//~l cell water on the basis of an experimentally de- 
termined cell water space. 
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lar space was observed. The saturation of uridine 
uptake above equilibrium concentrations clearly 
reflected saturation of uridine kinase. For exam- 
ple, after 360 s of incubation with 100 ~tM 
[3 H]uridine, 60% of the intracellular radioactivity 
was associated with UTP, 10% with UMP and 
35% with unmodified uridine (see Fig. 2B), whereas 
after incubation with 1000 /~M [3H]uridine only 
about 10% of the intracellular radioactivity was 
associated with uracil nucleotides (data not 
shown). 

Initial uptake was linear for at least 40 s at all 
uridine concentrations. The initial uptake veloci- 
ties estimated from the linear portions of the 
uptake curves (Fig. 1B) probably represent fair 
estimates of the entry velocities, since they are 
measured at intracellular concentrations well be- 
low the equilibrium level [24]. A fit of the Michaelis 
Menten equation to these values yielded K m and 
Vm~ x values of 146/tM and 5.3 pmol//xl cell water 
per s, respectively (Table I). 

In order to obtain uridine transport data that 
were not subject to uncertainties because of in- 
tracellular phosphorylation and thus trapping of 
the substrate, we resorted to ATP-depleted cells. 
Fig. 2B shows that preincubation of the C-7-10 
cells in glucose-free medium containing 5 mM 
KCN and 5 mM iodoacetate at 28°C for 15 min 
almost completely prevented the phosphorylation 
of uridine entering the cells. The cells could be 
incubated in this medium for at least 1 h at 28°C 
without effect on the viability of the cells (mea- 
sured by trypan blue exclusion), their intracellular 
water volume or their ability to transport uridine. 

TABLE I 

M I C H A E L I S - M E N T E N  P A R A M E T E R S  F O R  T H E  
T R A N S P O R T  OF U R I D I N E  IN C-7-10 CELLS 

The details of  the experiments are described in the legend to 
Fig. 1 and the text. The values in the first line are estimated 
from the data  in Fig. 1 and those in lines 2 and 3 are from 
duplicate experiments. K, Michaelis-Menten constant; V, max- 
imum velocity [1]. Values are the best fitting parameters_+ S.E. 
of the estimate 

Cells K (/.~M) V (pmo l / # l  cell H 2 0  per s) 

Untreated 146 _+ 43 5.3 _+ 0.5 
ATP-depleted 177_+18 15.9_+0.6 
ATP-depleted 207 _+ 12 10.2 _+ 0.2 

The initial rate of uptake of 100 /~M uridine was 
about the same in ATP-depleted and untreated 
cells during the first 10 s of uptake (Fig. 2A). 
Thereafter, the uptake curves diverged reflecting 
the accumulation of uracil nucleotides in un- 
treated cells and the equilibration across the mem- 
brane of unmodified uridine in ATP-depleted cells. 

We have measured the zero-trans entry of 
uridine in ATP-depleted C-7-10 cells as a function 
of the uridine concentration and applied in- 
tegrated rate analysis to the data for estimating 
the Michaelis-Menten parameters for zero-trans 

influx (Table I). The values obtained in two inde- 
pendent experiments were somewhat higher than 
those estimated from the initial rates of uptake of 
uridine in untreated cells. 

The Michaelis-Menten parameters were com- 
puted on the basis of the simple cartier model 
assuming directional symmetry of the carrier and 
equal mobility of the empty and substrate-loaded 
carrier. These properties have been shown to per- 
tain to the nucleoside carrier of mammalian cells 
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Fig. 2. Comparison of uptake of uridine by untreated and 
ATP-depleted C-7-10 cells. The cells were ATP-depleted and 
the uptake of 100 # M  [3H]uridine (5.9 cpm/pmol )  was mea- 
sured in untreated and ATP-depleted cells (1.107 cells/ml)  by 
rapid kinetic techniques at 28 ° C as described in Experimental 
Procedures. Radioactivity values were corrected for that 
trapped in extracellular spaces of cell pellets and converted to 
p m o l / # l  cell water on the basis of an experimentally de- 
termined cell water space. The broken line indicates the in- 
tracellular concentration of uridine equal to that in the medium. 
After  180 s of incubation, the acid-soluble pools were extracted 
from samples of  cells and chromatographed with solvent 28 
(B). 
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[1,20], but they also seem to apply to the carrier of 
the mosquito cells. This is indicated first by the 
excellent fit of the appropriate integrated rate 
equation to the time-courses of transmembrane 
equilibration of uridine at six concentrations 
(40-1280 /~M) under z e r o - t r a n s  conditions in 
ATP-depleted C-7-10 cells (see S.E. of estimate, 
Table I). Second, the initial velocities of z e r o - t r a n s  

entry (v~) and inward equilibrium exchange (v ee) 
at a uridine concentration (1 mM) well above the 
Michaelis-Menten constant were about equal (Fig. 
3A). This coincidence is only observed when the 
mobility of empty and substrated-loaded carrier is 
equal [1]. The time-courses of z e r o - t r a n s  accumu- 
lation and inward equilibrium exchange of 1 mM 
uridine differed (Fig. 3A), which might imply dif- 
ferences in initial rates. But this difference is 
entirely predictable from the integrated rate equa- 
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Fig. 3. Comparison of zero- t rans  influx and equilibrium ex- 
change of uridine by ATP-depleted C-7-10 cells. (A) Time- 
courses of transmembrane equilibration of 500/~M [ 3 H]uridine 
(0.8 cpm/pmol) under zero- t rans  and equilibrium exchange 
conditions were measured in a suspension of 1.107 ATP-de- 
pleted C-7-10 cells per ml by rapid kinetic techniques at 28°C 
as described under Experimental Procedures. The initial veloci- 
ties of zero- t rans  entry (o]~) and equilibrium exchange (oee), 
which are expressed in pmol//xl cell water per s, were esti- 
mated by fitting the appropriate integrated rate equations [1] 
to the data with K = K e¢ fixed at 200 /~M. (B) Simulated 
time-courses of zero- t rans  entry and inward equilibrium ex- 
change for a simple transporter with directional symmetry and 
equal mobility when substrate-loaded or empty. The progress 
curves for intracellular substrate were generated for 500 /LM 
extracellular substrate by numerical solutions of the integrated 
zero - t rans  entry and equilibrium exchange equations [1] with 
K =  K ~e = 200 #M and V= V ee =15/~M/s. 
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tions for z e r o - t r a n s  influx and equilibrium ex- 
change based on the simple carrier model [1]. In 
fact, the time-courses of [ 3 H]uridine accumulation 
in the z e r o - t r a n s  and equilibrium exchange modes 
correlated well with those simulated by computer 
for a simple carrier with directional symmetry and 
equal mobility when loaded or empty and with the 
kinetic parameters approximating those measured 
for the uridine transporter of these cells (Fig. 3B). 

Uridine uptake in C-7-10 cells was strongly 
inhibited by other nucleosides (Fig. 4A). The 
potency of inhibition by the various nucleosides at 
the same concentration (1 mM) was adenosine > 
thymidine > uridine > deoxycytidine. This ef- 
fectiveness of inhibition resembles that observed 
for nucleoside transport in mammalian cells and 
reflects differences in affinity of the transporter 
for various nucleosides [1]. Hypoxanthine had no 
effect on uridine uptake (Fig. 3A). Uracil became 
inhibitory only after 30 s of incubation. This 
delayed effect is probably due to the conversion of 
uracil to uridine (see later) and the consequent 
lowering of the specific radioactivity of the sub- 
strate, rather than an effect on uridine transport, 
since the initial uptake rate was not affected. 

Uridine transport in C-7-10 cells was also in- 
hibited by 100/~M nifedipine, 50/~M dilazep and 
50 /zM dipyridamole, but not significantly by 1 
/zM NBTI and 50/~M lidoflazine (Fig. 4B). Of the 
substances investigated, dipyridamole was by far 
the most effective inhibitor of uridine transport. 
The concentration of dipyridamole causing a 50% 
inhibition of transport (IC50) was estimated in 
another experiment to be about 4 #M (Fig. 4C). 

Chromatographic analysis of the culture fluid 
of long term incubations (60-100 min) of C-7-10 
cells with 100 /~M [3H]uridine (Fig. 5A) or 100 
/~M [3H]thymidine (Fig. 5C) showed that a large 
proportion of the nucleosides in the medium be- 
came converted to uracil and thymine, respec- 
tively. In fact, the rate of accumulation of radioac- 
tivity by the cells decreased drastically between 10 
and 20 min of incubation, while the appearance of 
the nucleobases in the medium continued un- 
abated; thus after 100 min of incubation about 4 
times more uridine had been converted to uracil 
and 20 times more thymidine had been converted 
to thymine than had become cell-associated. 

Two points support the conclusion that the 
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Fig. 5. Uridine and thymidine phosphorolysis in suspensions of C-7-10 cells. One sample (B and D) of suspensions of about 1-107 
C-7-10 cells/ml was supplemented with 50 ,aM dipyridamole (DIP), whereas another sample remained untreated (A and C). 
DIP-treated and untreated suspensions were then supplemented as indicated with 100/.tM [3H]uridine (10 cpm/pmol) or 100 ,aM 
[ 3 H]thymidine (8 cpm/pmol). After various times of incubation at 28 ° C, the cells from samples of each suspension were collected by 
centrifugation through oil and analyzed for the amount of substrate taken up by the ceils (cell-associated). The cell supernatant fluids 
remaining above the oil layer were analyzed for total radioactivity and chromatographed with solvent 30 to determine the proportion 
of radioactivity in uridine and uracil or by HPLC to determine the proportion of radioactivity in thymidine and thymine. The data 
are expressed as concentrations of nucleoside and nucleobase and the total of the two in the medium as well as the amount of 
cell-associated substrate equivalents per ml of cell suspension. 
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degradation of the nucleosides in suspensions of 
C-7-10 cells occurred intracellularly. First, inhibi- 
tion of nucleoside uptake by dipyridamole also 
inhibited nucleoside degradation (Fig. 5B and D) 
and second, little, if any, uridine or thymidine 
became degraded during 100 min of incubation 
with the transport-deficient variant, CAE-3-6 (data 
not shown). The conversions of uridine and 
thymidine to their nucleobases were probably 
catalyzed by a single nucleoside phosphorylase. 
This conclusion is based on the observations first 
that the rates of phosphorolysis of uridine and 
thymidine by the C-7-10 cells were about the same 
and second that 1 mM unlabeled thymidine 
strongly inhibited the conversion of 100 #M 
[3H]uridine to uracil by the cells (> 90%; data not 
shown). It should be emphasized that the amount 
of uridine that was converted to uracil during the 
first 1-2 min of incubation by C-7-10 cells was 
insignificant compared to the amounts accu- 
mulated by the cells; uridine phosphorolysis there- 
fore was not an interfering factor in our uridine 
transport measurements with these cells. 

Nucleoside uptake and metabol&m in transport-defi- 
cient CAE-3-6 cells 

The uptake of nucleosides by CAE-3-6 cells 
was very slow compared to nucleoside transport in 
wild type C-7-10 cells (Fig. 6A). For example, the 
rate of uptake of uridine at a concentration of 20 
/zM (about 0.01 pmol/~l cell water per s; Table 
II) was only about 1% of the rate of uridine 
transport in C-7-10 ceils at this concentration 
(Fig. 1). However, the rate of uptake of the vari- 
ous nucleosides investigated varied greatly: from 
0.167 to 0.0048 pmol/~l cell water per s for 20 
/~M adenosine and deoxycytidine, respectively 
(Table II). Except for adenosine, nucleoside up- 
take was approximately linear during the 80-min 
incubation period. The substrates accumulated in- 
tracellularly above the extracellular concentration 
and most of the intracellular radioactivity (ranging 
from about 50% for deoxycytidine to about 90% 
for adenosine) was associated with nucleotides. 
Only thymidine was less efficiently phosphory- 
lated (data not shown). 

The slow entry of the nucleosides into CAE-3-6- 
cells suggests that it was non-mediated. The fol- 
lowing considerations support this conclusion but 

cannot prove it [1]. Lipid solubility is one of the 
primary factors determining the rate of non-medi- 
ated permeation of non-electrolytes through lipid 
bilayer membranes, but other factors such as the 
molecular size and shape of the permeant also 
play a role [25,26]. The relative rates of uptake of 
the nucleosides by CAE-3-6 cells were related, but 
not directly proportional, to their lipid solubility, 
which was assessed by their solubility in octanol 
as compared to that in water (Table II). However, 
the relationship between uptake rate and lipid 
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Fig, 6. Uptake of various nucleosides (A) and of various 
concentrations of uridine (B) by CAE-3-6 cells. (A) Samples of 
a suspension of 3.8.107 cells/ml were supplemented with 20 
/~M [3H]adenosine (Ado; 160 cpm/pmol), [3H]deoxyadeno- 
sine (dAdo; 500 cpm/pmol),  [3H]uridine (Urd; 630 
cpm/pmol), [ 3 H]thymidine (dThd; 400 cpm/pmol) or [ 3 H]de- 
oxycytidine (dCyd; 630 cpm/pmol). The suspensions receiving 
[ 3 H]adenosine or [ 3 H]deoxyadenosine were supplemented with 
20/.tM 2'-deoxycoformycin 5 min before addition of the radio- 
labeled substrate in order to prevent the deamination of the 
nucleosides. After various times of incubation at 28°C, the 
cells from 0.5-ml samples of suspension were collected by 
centrifugation through oil and analyzed for radioactivity. Ra- 
dioactivity values were corrected for that trapped in extracellu- 
lar space in cell pellets and converted to pmol/~l cell water on 
the basis of an experimentally determined water space. All 
values are averages of duplicate samples. The broken line 
indicates the intracellular concentration of substrate equal to 
that in the medium. (B) Samples of a suspension of 1.6,107 
cells/ml were supplemented with the indicated concentrations 
of [3H]uridine (630 cpm/~l,  irrespective of concentration) and 
sampled as described in (A). The broken line indicates the 
intracellular concentration of radioactivity equal to that in the 
medium. After 60 rain of incubation, the acid soluble pools 
were extracted from samples of cells and analyzed chromato- 
graphically (see Table III). 



438 

TABLE II 

RELATIONSHIP BETWEEN RATES OF UPTAKE OF 
VARIOUS NUCLEOSIDES AND NUCLEOBASES BY 
CAE-3-6 CELLS AND THEIR OCTANOL,/WATER PAR- 
TITION COEFFICIENTS 

The initial velocities of uptake (vo) were estimated from the 
initial linear portions of the uptake curves in Fig. 6A and from 
similar experiments with [3H]hypoxanthine and [3H]cytosine. 
The octanol/water partition coefficients were determined as 
described previously [22]. 

Substrate v o (at 20 #M) Ko~ t u o / K ~ t  

• (pmol/~tl cell (mean± S.E.) 
H20  per s) (n = 3) 

Adenosine 0.167 0.161 +0.004 1.0 
2'-Deoxy- 

adenosine 0.0333 0.236 -+0.008 0.14 
Uridine 0.0098 0.0149 -+ 0.0003 0.66 
Thymidine 0.0052 0.753 -+ 0.002 0.073 
2'-Deoxy- 

cytidine 0.0048 0.0272 -+ 0.002 0.18 
Hypoxanthine 0.048 0.115 _+0.001 0.42 
Cytosine 0.029 0.0352-+0.00067 0.82 

solubility for the various nucleosides (see Uo/Koc t 

values) was about the same as that observed for a 
nucleoside transport-deficient variant (AEt)  of the 
mouse lymphoma line $49 [27]. For both types of 
cells, the deoxynucleosides were less rapidly taken 
up in relation to their octanol partition coefficient 
than the ribonucleosides. What factor(s) accounts 
for this difference is unclear. 

The conclusion that non-mediated permeation 
is the pr imary mode of entry of nucleosides into 
CAE-3-6 cells is further supported by the finding 
that, in contrast to nucleoside transport in C-7-10 
cells, the entry of uridine into CAE-3-6 cells was 
non-saturable as judged by the initial uptake rates 
(Fig. 6B) and not significantly inhibited either by 
other nucleosides (Fig. 7A) or by transport inhibi- 
tors (Fig. 7B). The rate of uridine uptake by the 
cells decreased after 10-20 min of incubation 
when the uridine concentration was above 100 # M  
(Fig. 6B), but this decrease in uptake probably 
reflected effects on uridine phosphorylation and 
thus intracellular trapping, rather than saturation 
of uridine entry into the cells. At all uridine 
concentrations, most of the intracellular radioac- 
tivity, after 60 rain of incubation, was associated 
with uracil nucleotides (Table III). The intracellu- 
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Fig. 7. Effects of other nucleosides (A) and transport inhibitors 
(B) on the uptake of uridine by CAE-3-6 cells. (A) Samples of 
a suspension of 1.9.107 cells/ml were supplemented with 50 
/zM [3H]uridine (17 cpm/pmol) and simultaneously with 1 
mM unlabeled adenosine (Ado), uridine (Urd), thymidine 
(dThd), deoxycytidine (dCyd) or adenine (Ade) and the uptake 
of [3H]uridine was measured as described in the legend to Fig. 
6. (B) Samples of a suspension of 2.4.107 cells/ml were supple- 
mented with 40 #M dipyridamole (o), 100 #M dilazep (~,), 1 
#M NBTI (,,), or 100 #M nifedipine (v) and then the uptake 
of 100 #M [3H]uridine (9.4 cpm/pmol) was measured as in 
(A) in these and an untreated suspension (O). In addition, in 
(B) the cells of a sample of the suspension were depleted of 
ATP by incubation in glucose-free medium containing KCN 
and iodoacetate prior to measuring the uptake of 100 #M 
[3H]uridine. The broken lines indicate the intracellular con- 
centrations of substrate equal to those in the medium at zero 
time. 

lar concentrations of unmodified uridine were 
much lower than those in the medium, which 
indicates that uridine entry into the cells was the 
rate determining step in its salvage by the cells. 
However, at higher concentrations, uridine prob- 
ably entered the cells in sufficient amounts to 
support  its phosphorylation at close to maximum 
rate resulting in nucleotide pool expansion and 
perhaps feedback inhibition of the kinase [24]. 

That the decrease in [3H]uridine uptake with 
increase in absolute uridine concentration by 
CAE-3-6 cells (Fig. 6B) reflected limitations in 
phosphorylation rather than cell entry might have 
been assessed unequivocally by measuring uridine 



TABLE III 

INTRACELLULAR CONCENTRATIONS OF URACIL 
NUCLEOTIDES AND UNMODIFIED URIDINE OF CAE- 
3-6 CELLS AFTER 60 MIN OF INCUBATION WITH THE 
INDICATED CONCENTRATIONS OF [3H]URIDINE AT 
28°C 

The details of the experiment are described in the legend to 
Fig. 6B. The intracellular concentrations of UTP, UMP and 
uridine (Urd) were calculated on the basis of the chromato- 
graphic analysis of the cell extracts and the total amounts of 
uridine (pmol//~l cell water) taken up by the cells. The uridine 
fraction contained any uracil (Ura) that may have been formed. 

Extracellular Intracellular components (/~M) 
uridine UTP UMP Urd (Ura) 
(~M) 

10 7 5 0.6 
30 28 30 3.3 

100 55 67 7 
300 168 137 7 

1000 358 268 32 

uptake in ATP-depleted cells. However, we could 
not use this approach because the depletion of 
CAE-3-6 cells of ATP by incubation in glucose-free 
medium containing KCN and iodoacetate com- 
pletely inhibited uridine uptake by these cells (Fig. 
7B). This finding has been confirmed in repeated 
experiments using [3H]uridine concentrations 
ranging from 1 to 1000 /~M. This effect clearly 
distinguishes uridine permeation in the nucleoside 
transport-deficient CAE-3-6 cells from nucleoside 
transport in wild type C-7-10 cells, which is not 
significantly affected by ATP depletion (Fig. 2). 
The mechanism of the inhibition of uridine per- 
meation in CAE-3-6 cells by the KCN/iodoace- 
tate treatment is not understood. It might be due 
to ATP depletion of the cells or a consequence of 
a direct effect of the chemical treatment on the 
structure of the plasma membrane. 

Uridine uptake by the CAE-3-6 cells was highly 
temperature dependent (Fig. 8). The activation 
energy (20 kcal/mol) was similar to that for the 
non-mediated permeation of various substances 
(e.g., cytosine, azaguanine and L-glucose) into cul- 
tured mammalian cells [22]. However, such high 
activation energies do not distinguish between 
non-mediated permeation of substances through 
membranes and facilitated transport, since they 
are similarly high for both processes [1]. 

439 

S 
._J / 
hi 
(J 

=L 

0 

a .  

z 
w 

q 
F-- 

t / ofj// 100 -37 . . . .  

eO 0 0 

TIME (MIN) 

B .  ' i 

0.1 

- r  

o .  

:> 

0Ol 

32 ~. 3'6 
1 0 3 / T ( * K  -I1 

Fig. 8. Effect of temperature on the uptake of uridine by 
CAE-3-6 cells. (A) Samples of a suspension of 1.107 cel ls /ml 
were equilibrated at the indicated temperatures and then the 
uptake of 100 #M [3H]uridine (10 cpm/pmol)  was measured 
at these temperatures as described in the legend to Fig. 6. The 
broken line indicates the intracellular concentration of uridine 
equal to that in the medium. Velocities of uptake were esti- 
mated from the linear portions of the uptake curves and are 
plotted as a function of the absolute temperature in (B). 

Lack of high affinity NBTI binding sites on C-7-10 
and CAE-3-6 cells 

When suspensions of about 2.107 C-7-10 or 
CAE-3-6- cells/ml were incubated with 1 nM 
[3H]NBTI between 55% and 57% of the radioac- 
tivity became cell associated. This binding, how- 
ever, was not affected by addition of unlabeled 
NBTI to a final concentration of 3 /~M. This 
finding rules out the presence on these mosquito 
cells of high-affinity NBTI binding sites such as 
those observed in many types of mammalian cells 
[1-3,6,7]. 

Direct comparison of uridine uptake in C-7-10 and 
CAE-3-6 cells 

When C-7-10 and CAE-3-6 cells were in- 
cubated with 5 /xM [3H]uridine, the former took 
up to 35-times more uridine and accumulated 
39-times more [3H]UTP than the latter in 60 rain 
of incubation at 28°C (Fig. 9A; Table IV). The 
difference was much less at higher concentrations 
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Fig. 9. Comparison of the uptake of 5/~M (A) and 500/~M (B) 
uridine by C-7-10 and CAE-3-6 cells. The uptake of [3 H]uridine 
(830 cpm/t~l; irrespective of concentration) was measured in 
samples of suspensions of 2.10 v cells/ml at 28 ° C as described 
in the legend to Fig. 6. All values are averages of duplicate 
samples and the broken lines indicate the intracellular con- 
centrations of uridine equal to those in the medium at zero 
time. After 60 min of incubation, the acid soluble pools were 
extracted from samples of cells and analyzed chromatographi- 
cally (see Table IV). 

TABLE IV 

COMPARISON OF INTRACELLULAR CONCENTRA- 
TIONS OF URACIL NUCLEOTIDES AND URIDINE IN 
C-7-10 AND CAE-3-6 CELLS AFTER 60 MIN OF INCUBA- 
TION WITH 5 OR 500/~M [3H]URIDINE AT 28°C 

The details of the experiment are described in the legend to 
Fig. 9. The intracellular concentrations of UTP, UMP and 
uridine (Urd) were calculated on the basis of the chromato- 
graphic analyses of the cell extracts and the total amounts of 
uridine taken up by the cells. The uridine fraction contained 
any uracil (Ura) that may have been formed. 

Extra- Intracellular components (~M) 
cellular C-7-10 CAE-3-6 
uridine 
(t~M) UTP UMP Urd UTP UMP Urd 

(Ura) (Ura) 

5 147 56 6 3.8 1.8 0.4 
500 710 210 280 170 77 < 10 

of  uridine in the medium; at 500 ~M [3H]uridine, 
for example, the C-7-10 cells took up only 5-times 
more  uridine and accumulated only 4-times more 
[3H]UTP in 60 min of incubat ion than the CAE-3- 
6 cells (Fig. 9B; Table IV). This finding is ex- 
plained as follows. At  the low concentrat ion in the 
medium, uridine is rapidly t ransported into C-7-10 
cells and the entering uridine is efficiently phos- 
phorylated,  whereas in CAE-3-6 cells uridine 
phosphoryla t ion is limited by the slow non-media-  
ted permeation of  uridine into the cells. At  the 
higher uridine concentrat ion,  on the other hand, 
the capaci ty of  the C-7-10 cells to transport  uridine 
into the cells greatly exceeds their capacity to 
phosphoryla te  it (Fig. 9B), presumably due to a 
much higher K m for uridine transport  than for 
phosphorylat ion,  just  as is observed in mam-  
malian cells [24]. In contrast,  the transport  de- 
ficiency in CAE-3-6 cells is part ly overcome by 
increased non-mediated permeation when the 
uridine concentrat ion in the medium is increased. 
Thus, in 60 min of  incubation, C-7-10 cells formed 
only 5-times more U T P  at 500 # M  than at 5 # M  
extracellular [3H]uridine, whereas the correspond- 
ing value for CAE-3-6 cells was 45 times (Table 
IV). A similar situation pertained for the uptake 
of  1 and 100 I~M [3H]thymidine by C-7-10 and 
CAE-3-6 cells (data not  shown). This interaction 
in nucleoside salvage of  transport  and non-media-  
ted permeat ion with intracellular phosphoryla t ion 
needs to be taken into considerat ion when com- 
paring nucleoside uptake by wild type and trans- 
port-deficient variants. This considerat ion is par- 
ticularly impor tant  in the case of  nucleosides, such 
as adenosine, which permeate membranes  rela- 
tively rapidly due to their comparably  high hydro-  
phobici ty  (Table II). 

Purine uptake by C-7-10 and CAE-3-6 cells 
The uptake of  adenine was very rapid and 

similar in the nucleoside transport-deficient and 
wild type cells (Fig. 10A and B). In fact, at a 
concentra t ion of  500/~M adenine, the initial rate 
of  adenine uptake was at least twice that of  zero- 
trans entry of  uridine in C-7-10 cells. Adenine 
uptake was not  affected in either cell type by 2 
m M  uridine or  1 m M  hypoxanthine,  and only 
slightly reduced by 40 /~M dipyridamole (Fig. 
10C). In contrast  to adenine uptake, the uptake of 
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Fig. 10. Uptake of adenine and hypoxanthine by C-7-10 (A) 
and CAE-3-6 (B) cells and effect of uridine, hypoxanthine and 
dipyridamole on adenine uptake (C). (A and B) The uptake of 
500 /tM [14C]adenine (0.23 cpm/pmol) and 500/ tM [14C]hy- 
poxanthine (0.16 cpm/pmol) were measured in samples of 
suspensions of 2.0-107 C-7-10 and 2.4.107 CAE-3-6 cells/ml 
by rapid kinetic techniques as described in Experimental Pro- 
cedures. (C) Uptake of 500/~M []4C]adenine was measured in 
the same manner, except that, where indicated, 40 /~M di- 
pyridamole (DIP), 2 mM unlabeled uridine (Urd) or 1 mM 
unlabeled hypoxanthine (Hyp) were added simultaneously with 
the radiolabeled substrate. The broken lines indicate the in- 
tracellular concentrations of substrate equal to those in the 
medium. 

proportion was > 80% after incubation with 4/xM 
[14C]adenine. Second, the hypoxanthine phos- 
phoribosyltransferase activity in cell-free extracts 
of C-7o10 cells was < 1% of that observed in 
comparable extracts of BHK21 cells used as con- 
trois. 

A number of reports indicate that cultured cells 
of Drosophila melanogaster also fail to salvage 
hypoxanthine [28], but Becker [29] has reported 
that after propagation of D. melanogaster cells in 
a medium that is supplemented with glutamine, 
methotrexate, hypoxanthine or other purines and 
purine nucleosides, the cells do salvage hypo- 
xanthine and hypoxanthine phosphorybosyltrans- 
ferase activity becomes measurable in cell free 
extracts. These findings do not apply to the A. 
albopictus cells; the cells were routinely propa- 
gated in medium containing 2 mM glutamine and 
salvaged 5/~M [3H]hypoxanthine only very slowly 
whether or not propagated for 1 day in medium 
containing 1 /~M methotrexate or 200 /~M hypo- 
xanthine (data not shown). 

hypoxanthine was very slow in both types of cells, 
only 1/250 of the initial rate of adenine uptake 
(Figs. 10A and B). In another experiment, hypo- 
xanthine had not equilibrated across the plasma 
membrane in either cell type even after 80 min of 
incubation at 28°C, and the rate of uptake was 
directly proportional to the hypoxanthine con- 
centration between 1 and 500 /~M (data not 
shown). Also, hypoxanthine uptake was unaf- 
fected by 1.7 mM uridine (data not shown). The 
results indicate that these mosquito cells lack a 
hypoxanthine transport system and that hypo- 
xanthine entry is solely non-mediated. The latter 
conclusion is also supported by the finding that 
the rate of entry of hypoxanthine into CAE-3-6 
cells in relation to its octanol partition coefficient 
was of the same order of magnitude as observed 
for nucleoside permeation into these nucleoside 
transport-deficient cells (Table II). 

The C-7-10 or CAE-3-6 cells also possessed 
little, if any, hypoxanthine phosphoribosyltrans- 
ferase activity. First, only 10-50% of the intracell- 
ular radioactivity in both cell types after incuba- 
tion with 4 /~M [14C]hypoxanthine for 60 min at 
28 ° C was associated with nucleotides, whereas the 

Uracil uptake by C-7-10 and CAE-3-6 cells 
When compared to uridine salvage, uracil 

salvage from the medium is very inefficient in 
mammalian cells whether (N1S1-67 cells) or not 
(P388 cel~s) they possess uridine phosphorylase 
(see Fig. l l C  and D and Ref. 30); this is so even 
though the cells possess an uracil transport system 

• [11]. This fact has been utilized for the detection 
of mycoplasma contamination in mammalian cell 
cultured [31]. Mycoplasma salvage uracil very effi- 
ciently because they possess a uracil phos- 
phoribosyltransferase (see Ref. 32). Mammalian 
cells lack such an enzyme and uracil is a very poor 
substrate for orotate phosphoribosyltransferase at 
physiological pH (see Ref. 30). Conversion of 
uracil to UMP via the sequential action of uridine 
phosphorylase and uridine kinase is also very inef- 
ficient in those mammalian cells that possess 
uridine phosphorylase activity because of the 
limited availability of ribose 1-phosphate [30]. 

During routine checks for mycoplasma con- 
tamination using the uridine/uracil incorporation 
assay [31], we found that the mosquito cells took 
up uracil quite efficiently (Fig. l lA  and B). In 30 
min of incubation with 1 /~M [3H]uracil or 1 ~tM 
[3H]uridine, the C-7-10 cells accumulated 20% as 
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Fig. 11. Comparison of [3H]uridine and [3H]uracil uptake by 
C-7-10 and CAE-3-6 cells and mammalian cell lines that 
possess (Novikoff rat hepatoma cells, NIS1-67) or lack (P388) 
uridine phosphorylase activity [30]. Samples of suspensions of 
4.5.107 C-7-10, 4.0.107 CAE-3-6, 3.6.107 P388 and 8.106 
N1S1-67 cells/ml of BM42B were supplemented with 1 #M 
[3H]uridine (1000 cpm/pmol) or 1 ~M [3H]uracil/350 
cpm/pmol). At various times of incubation, the cells from 
0.5-ml samples of suspension were collected by centrifugation 
through oil and analyzed for radioactivity. All points represent 
averages of duplicate samples. The broken lines represent the 
intercellular substrate concentration equal to that in the 
medium at zero time. After 30 min of incubation, the acid 
soluble pools were extracted from samples of cells and chro- 
matographed with solvent 28 for determining the amounts of 
radioactivity incorporated into uracil nucleotides (see Table V). 

TABLE V 

COMPARISON OF INTRACELLULAR CONCENTRA- 
TIONS OF URACIL NUCLEOTIDES BY MOSQUITO AND 
MAMMALIAN CELLS AFTER INCUBATION FOR 30 
MIN WITH 1 #M [3H]URIDINE OR 1 /LM [3H]URACIL 
AT 28°C 

The details of the experiment are described in the legend to 
Fig. 11. The intracellular concentrations of UTP, UMP and 
uridine (Urd) or uracil (Ura) were calculated on the basis of 
the chromatographic analyses of the cell extracts and the total 
amounts of substrate taken up by the ceils. 

Cell line Intracellular components (/zM) 

Uridine Uracil 

UTP UMP Urd UTP UMP Ura 

C-7-10 9.8 3.8 0.40 2.1 0.42 0.8 
CAE-3-6 0.33 0.09 0.04 3.7 1.05 0.4 
P388 11.3 1.5 0.24 < 1 < 1 0.9 

much labeled UTP from uracil as from uridine 
(Table V). In contrast, the two mammalian cell 
lines tested accumulated uracil only to equilibrium 
levels (Fig. l l C  and D) and intracellular conver- 
sion to uracil nucleotides was negligible (Table V 
and Ref. 30). The uracil salvage by the mosquito 
cells cannot be attributed to myoplasma con- 
tamination). Three indepeffdent assays for 
mycoplasma (see Experimental Procedures) were 
routinely negative. Absence of mycoplasma was 
also indicated by the slow uptake of uridine by the 
nucleoside transport mutant CAE-3-6 when com- 
pared to uracil uptake (Fig. llB). Mycoplasma 
generally take up uridine about as rapidly as uracil 
because uridine becomes rapidly degraded to uracil 
by these organisms which is then phosphoribosy- 
lated [30]. It has not been ascertained yet whether 
the mosquito cells possess a uracil phosphoribo- 
syltransferase or convert uracil to UMP via uridine. 
In a preliminary experiment, little, if any, 
[3H]uracil became converted to [3H]uridine when 
a suspension of 3.107 ATP-depleted C-7-10 
cells/ml was incubated with 100/~M [3H]uracil at 
28°C for 60 rain (data not shown). 

Comparison of uracil and uridine uptake by the 
CAE-3-6 cells and of uracil uptake between the 
wild-type and nucleoside transport-deficient cells 
indicates, however, that the mosquito cells prob- 
ably possess a uracil transport system and that 
uracil transport is distinct from nucleoside trans- 
port. In contrast, cytosine entered both the C-7-10 
and CAE-3-6 cells only very slowly. Its rate of 
entry in relation to its octanol partition coefficient 
was of the same order of magnitude as observed 
for hypoxanthine permeation and for nucleoside 
permeation in CAE-3-6 cells (Table II). Cytosine 
permeation, therefore, was probably non-media- 
ted, just as observed for mammalian cells [22]. 

Conclusion 

Our results show that A. albopictus cells possess 
a nucleoside transporter, which in its kinetic prop- 
erties and broad substrate specificity resembles 
that of mammalian cells [1]. The transporter is 
resistant to inhibition by nmolar concentrations of 
NBTI and thus is comparable to the NBTI-re- 
sistant transporter observed in many types of 
mammalian ceils. However, the mosquito cells are 



devoid of any NBTI-sensitive transporter, which 
commonly co-exists with NBTI-resistant transport 
in many mammal ian  cell types [5,6]. As is the case 
for certain mammalian cells [6,33,34], the NBTI-  
resistance of nucleoside transport in the mosquito 
cells correlates with the absence of high-affinity 
NBTI  binding sites on the cells. Thus, the A. 
albopictus cells differ from a small group of cells 
that have been reported to express solely NBTI-re-  
sistant nucleoside transport, even though they 
possess high-affinity NBTI  binding sites [35]. 

In addition, the A. albopictus cells, like mam-  
malian cells, possess adenine and uracil transport 
systems, which are distinct from the nucleoside 
transporter. However, they lack a hypoxanthine 
transporter and are deficient in hypoxanthine 
phosphoryltransferase activity. This explains the 
earlier observation that these cells fail to effi- 
ciently salvage hypoxanthine from the medium 
[36]. We have observed that $49 mouse lymphoma 
cells also lack a hypoxanthine transport system 
[37] that is commonly found in mammalian cells 
[1,13]. In the $49 cells, however, hypoxanthine is 
transported, though very inefficiently, by the 
nucleoside transporter [37]. This is not the case in 
A. albopictus cells. That  hypoxanthine permeation 
into the mosquito cells seems to be solely non- 
mediated is suggested by the observation that 
hypoxanthine uptake (1) is the same in wild-type 
cells and the nucleoside transport-deficient variant, 
(2) is non-saturable and (3) is not affected by the 
addition of nucleosides. This difference between 
A. albopictus and $49 cells does not seem to be 
related to the fact that nucleoside transport in the 
mosquito cells is NBTI-resistant,  whereas that of 
$49 cells is mainly NBTI-sensitive [6,13], since the 
NBTI-resistant transport  of nucleosides in Novi- 
koff rat hepatoma cells is inhibited by hypo- 
xanthine and, conversely, hypoxanthine transport 
is inhibited by uridine [6,13]. 

Also, as observed for mammalian cells, nucleo- 
sides enter the mosquito cells non-mediated pre- 
sumably by diffusion through the lipid bilayer 
[25]. As expected on the basis of this assumption 
[25,26], the rate of diffusion of various nucleosides 
is partly related to their hydrophobicity. In fact, 
the relationship between the rates of diffusion of 
the various nucleosides into the transport-deficient 
CAE-6 cells was very similar to that observed in 
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the nucleoside transport-deficient variant (AE1) of 
the $49 cells [27]. With high concentrations of a 
nucleoside in the medium, non-mediated permea- 
tion of the nucleoside is sufficiently rapid in both 
types of cells to partly overcome limitations in its 
.salvage resulting from a deficiency in or an inhibi- 
tion of the nucleoside transport system. 
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