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Summary. Transport of the nucleoside analog cytosine-arabinoside (CAR) in trans- 
formed hamster cells in culture has been studied in conditions of minimal metabolic 
conversion. Uptake (zero-trans in) properties at 20~ over a limited range of CAR 
concentrations were characterized by a K~ of 350gM and a maximal velocity (V) of 
780 gM. min-1 (V/K,,=2.28 min-1). Equilibrium exchange at 20 ~ over a wider range of 
concentrations was best described by a saturable component with a K m of 500 gM and a v 
of 1230 I~M. min-  t (V/Km=2.26mi n- 1) and either a saturable component of high K~ or a 
nonsaturable component of k = 0.3 rain-1. For  the saturable component, the v/K,, values 
were similar in both procedures. 

CAR transport was inhibited by various metabolizable nucleosides. Uptake of some 
of these nucleosides was inhibited by CAR. CAR transport and uridine uptake were 
inhibited in a reversible but partially competitive fashion by high affinity probes like S-(p- 
nitrobenzyl-6-mercaptoinosine (NBMI) (K~<0.5 nM) and in an irreversible fashion by 
SH reagents such as N-ethylmaleiimide (NEM). The organomercurial p- 
hydroxymercuribenzene sulfonate (pMBS) markedly stimulated transport of these nu- 
cleosides, but also markedly potentiated the inhibitory effects of either NBMI or NEM. 
These effects are interpreted either in terms of models which invoke allosteric properties 
or in terms of two transport systems which display distinct chemical susceptibilities to 
externally added probes. 

Recent studies with analogs of nucleic acid bases and nucleosides 
which display cytotoxic effects within mammalian cells have focused 
interest on the route and mechanisms of permeation of these compounds 
[10, 18, 19, 22]. That membrane transport may be an important de- 
terminant of cytotoxicity was suggested by the fact that tumor cell 
resistance to anticancer agents, many of which are analogs of naturally 
occurring substances, may be related to alteration in specific membrane 
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transport mechanisms [10]. Studies of uptake of nucleosides and other 
nutrients have also suggested a role of transport in the control of cell 
growth and neoplasia [5, 16, 24]. However, in uptake studies of metab- 
olizable permeants, transport could not be easily separated from in- 
tracellular metabolism. For some nucleosides, an enzymatic reaction at 
the membrane level was invoked as an obligatory component of the 
transport process [14, 29]. Two different approaches were successfully 
utilized in an attempt to study transport separately from metabolism. One 
has employed vesicles derived from plasma membranes deprived of 
intracellular enzymes [15, 29]. The other has employed intact cells 
deficient in enzymes that process a particular nucleoside, or metaboli- 
cally poisoned cells that retained their nucleoside transport activity [27, 
28]. 

In the present work, cytosine-arabinoside (CAR)I was used as the 
permeant nucleoside to study the nucleoside transport system of hamster 
cells in culture and the mechanism of action of potent and specific 
inhibitors of nucleoside transport. Previous uptake studies have shown 
that CAR penetrates mammalian cells via facilitated mechanisms and 
quickly attains equilibrium with the surroundings [18, 19, 22]. Various 
mammalian cells can either deaminate or phosphorylate CAR [11, 18, 
32, 33]. However, in hamster cells, these processes were shown to be 
considerably slower than transport and could be minimized, in some 
instances, to levels where intracellular metabolic conversions did not 
interfere with transport measurements. 

The inhibitor used in this study, S-nitrobenzyl-6-mercaptoinosine 
(NBMI), has been shown to specifically block nucleoside transport in red 
blood cells [2, 3, 23, 25] and nucleoside uptake in a variety of mam- 
malian cells in culture [8,9] at concentrations below lnM. We have 
previously shown, in cultured cells, that the specific inhibitory effect of 
NBMI on uridine and other nucleoside uptake systems could be ten- 
tatively explained in terms of an allosteric modulatory mechanism [8, 9, 
20]. However, since the inhibition studies were conducted with metab- 
olizable permeants, it remained to be proven that metabolic conversion 
was not rate limiting either in the absence or in the presence of NBMI so 
that the inhibitory effects could be related to transport of nucleosides. 
Evidence supporting our previous view (9) and new aspects of chemical 

1 Abbreviations: CAR, cytosine arabinoside; NEM, N-ethylmaleimide; PBS, phosphate 
buffered saline; MCT, 20-methylchotanthrene transformed; NBMI, S-nitrobenzyl-6- 
mercaptoinosine; NBB, p-nitrobenzylbromide; pMBS: p-hydroxymercuribenzene sul- 
fonate; pMB-dextran: p-hydroxymercuribenzo-amidoethyl-dextran (mol wt 10,000). 
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modification of nucleoside transport systems constitute the main line of 
this work. 

Materials and Methods 

Radiochemicals were obtained from the following sources: (3H) uridine (10 Ci/mmole) 
and (3H) thymidine (8 Ci/mmole) from Radioisotope Unit, NRC-Negev, Israel AEC, Beer 
Sheva, and (3H) cytosine-arabinoside (14Ci/mmole) from the Radiochemical Center 
(Amersham, U.K.). Chemicals were obtained from the following sources: nucleosides and 
mercaptonucleosides from Sigma Chemical Co., p-hydroxymercuribenzene-sulfonic acid 
Na salt (pMBS) and N-ethylmaleimide (NEM) from K and K Laboratories and p- 
nitrobenzylbromide (NBB) from Fluka (Switzerland). S-(p-nitrobenzyl)-6-mercapto-9-13-D- 
ribofuranosyl purine (NBMI) was synthesized from NBB and 6-mercapto-inosine in 
N,N'-dimethylformamide/K2CO 3 and was purified and crystallized as previously de- 
scribed [21, 25]. 

MCT is a cell line derived from a tumor in golden hamsters after inoculation of 106 
Ham cells (20-methylcholanthrene transformed hamster embryo cells) [17]. The cells were 
grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 3 % fetal calf 
serum (Gibco), 10 ~o Triptose phosphate, 2 mM glutamine and antibiotics (streptomycin, 
400 gg/ml; penicillin, 400 U/ml; neomycin, 4 gg/ml and kanamycin, 3 gg/ml). Cells were 
counted after detachment from dishes by trypsinization. 

Transport Studies 

Cells were plated on 5cm plastic culture dishes (Nunc, Denmark) at 0.5-1.0 x 106 
cells/dish and grown to different densities (0.5-8 x 106 cells) in a humidified CO 2 (5 %) 
incubator at 37~ For transport measurements, cells were washed thrice with 5-ml 
aliquots of phosphate-buffered saline (PBS, pH 7.4) and preincubated with 2 ml of the 
same buffer for 10 rain at room temperature (22-24 ~ At this point, some dishes were 
taken for cell counting. For rapid uptake studies (10 _+2 sec sampling times), the extracel- 
lular PBS was aspirated, the cells were placed on a thermostated plate at 20_+ 1 ~ and 
1 ml of a radioactive nucleoside (20 ~ was added (1 ~tCi/ml, unless specified otherwise). 
At defined periods of time dishes were quickly transferred to a metal plate immersed in 
an ice bath (0~ and the extracellular solution was quickly aspirated (1-2 sec, see 
Fig. 1). The dishes were immediately flushed, either continuously with 25 ml of PBS at 
0 ~ or repetitively with 5-ml portions of PBS at 0 ~ while the extracellular solutions 
were continuously being aspirated. The procedure of washing the cells was gentle, 
efficient, and quick inasmuch as: (i) the cells were not dislodged from the dishes, (ii) the 
volume of washing solution was adequate for removing extracellular labelled material, 
leaving the label sequestered within the cells virtually unaffected (Fig. 2), and (iii) the time 
lag before dispensing the stopping fluid (PBS, 0~ was approximately 2 sec. With 
practice, a full cycle of stopping fluxes and washing the extracellular medium was 
completed in less than 15 sec. The times at which the stopping fluid was added were used 
for computation of flux rates. The intracellular label was quantitatively extracted with 
1 ml TCA (10%) for 15 rain at 0~ and 0.5 ml was taken for counting of radioactivity 
using a Triton-toluene based liquid and a Tricarb Liquid Scintillation Spectrometer. 
Samples were in duplicate and occasionally in tri- and quadruplicate. Protein de- 
terminations (Lowry) were preformed on the TCA residue after solubilization with 1 N 
NaOH. With (3H) CAR as the test nucleoside, the radioactivity associated with the TCA 
insoluble residue was less than 3 ~ of the value found in the TCA extract. 
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Transport of (3H) CAR was also measured under equilibrium exchange conditions 
(efflux). Cells were preincubated at 22 ~ with (3H) CAR at different concentrations until 
equilibrium was reached (normally not more than 10 min, even for the highest con- 
centration of substrate used, 10 mM). The extracellular medium was then aspirated. At 
time zero, either 5 ml of ice cold PBS were added (zero time sample) or 5 ml of the 
respective unlabelled solutions of CAR (20 ~ were added, and the intracellular label 
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Fig. 2. Effect of washing on (3H) CAR in cells. Cells (2 x 106/dish) were loaded with 50 gM 
(3H) CAR (1 x 106 cpm/ml) either for 10 sec at 0 ~ or for 10 min at 20 ~ placed on ice, 
and washed with 5-ml aliquots of ice cold PBS. Each point represents (3H) label of an 
individual dish after a specified number of washes. The density of cells (number of cells 

per dish) was constant within each of the two experiments 

was measured as described for the uptake studies. Duplicate plates were also left for 10- 
20 min at room temperature in order to obtain the amount of labelled material left in the 
cells at equilibrium with the exchange solution (cpm oo). The relative amounts of (3H) 
CAR remaining in the cells at different times, t, are given as [cpm ( t ) - c p m  (oo)]/[cpm (0) 
- c p m  (oo) ]=(exp) -k t .  The rate constant, k, was obtained by linear regression (cor- 
relation coefficients were normally between 0.985-0.995). The transport rates were 
calculated as v = k IS]. 

For zero-trans influx (net uptake), cells were exposed to various concentrations of 
(3H) CAR for various periods of time (t) at 20 ~ Duplicate samples were also exposed 
for 5-10 min at 20 ~ until the label reached equilibration [cpm (oe)]. Zero time values 
were obtained by exposing precooled cells to solutions containing (3H) CAR at 0 ~ for 
10 sec. Initial rates of efflux were obtained from the linear part of the uptake profiles and 
were calculated as v = [S~. (t)- 1. [cpm ( t ) -  cpm (0)]/[cpm (oe) -  cpm (0)]. Uridine and 
thymidine uptake were performed in a similar fashion or as previously described [9]. 

Calculations of kinetic parameters were obtained by best fits using nonlinear 
regression programs to analyze data according to (i) a single Michaelis-Menten kinetic 
component v= V. [S]/(Km+[S]), (ii) two Michaelis-Menten components v=(V t .  IS])/ 
(Kin I + IS]) + (V u . [S])/(Krn xl + [S]), or (iii) a single Michaelis-Menten component and 
a nonsaturable component v=(V.  [S]/(Km+[S]))+k[S]. The method is based on the 
Levenberg-Marquand technique and the computations were made at the facilities of 
the Hebrew University Computer Center. Alternatively, the kinetic parameters were 
obtained from best fits using a linear regression program to analyze the linearized 
form of the Michaelis-Menten expression (v/[S])=(Km/V)+([S]/V). These calculations 
were performed on a Wang 2200 computer. 

For metabolic conversion studies, cells preincubated with (3H) CAR for up to 10 rain 
at 20 ~ were washed with ice-cold PBS, and the radioactivity was extracted with either 
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3 ~ TCA or with 0.4 M perchloric acid (PCA). After either neutralization of the PCA with 
KOH, cooling to 0~ for 30 min and centrifugation or removal of TCA by ether 
extraction, the cell extract was analyzed by thin layer chromatography on either cellulose 
or silica gel-coated aluminum plates (Merck) using either 0.1N potassium phosphate 
buffer, pH 5.8, ammonium acetate, 1M, pH 5.0/ethanol, 95% (3:7, v/v) or n- 
butanol/water/formic acid (77:13:10, v/v/v) [14]. Plates were cut into 0.7 to 0.5-cm strips, 
placed in scintillation vials with 0.1 ml water, and counted for (3H) with a triton-toluene 
based scintillation fluid. 

R e s u l t s  

Time Course of Nucleoside Uptake in M C T  Hamster Cells 

The  up take  of  ur idine  (U), t hymid ine  (T) and of  cy tos ine -a rab inos ide  

(CAR)  were carr ied  out  at concen t r a t i ons  a p p r o x i m a t e l y  1/5 of  the K m 
value  of  up t ake  of  the individual  nuc leos ide  (Fig. 3). In the ear ly  phases  

of  up t ake  (i.e., up to 60 sec), the a m o u n t  of  U and T t aken  up  by  the cells 

increased  in a l inear  fashion.  Howeve r ,  in this phase,  the u p t ak e  of  C A R  

was l inear  on ly  up  to 30 sec and  reached  a p la teau  value which was 

p r e s u m a b l y  the equ i l ib r ium value  of  (3H) C A R  with respect  to the 

external  solut ion,  i na smuch  as the p la t eau  value  a t ta ined  by  C A R  at 

UPTAKE OF NUCLEOSIDES IN HAMSTER CELLS 
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Fig. 3. Early phases of nucleoside uptake in MCT hamster cells in culture. Nucleoside 
uptake (1 x 106 cpm/ml) was measured in 2 x 106 cells per dish or 4 btl equivalent cell 
volume. The external concentrations of (3H) nucleoside (S) were: U (uridine) 10 gM, T 
(thymidine) 1 IXM, and CAR (cytosine-arabinoside) 60 ~tN. The zero time values for the 

three nucleosides were essentially the same (_+ 10 %) in these experiments 
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20~ was invariant with time for up to 10min. The uptake of the 
metabolizable nucleosides U and T, however, increased in a linear 
fashion. After 10 min incubation, the cellular concentrations attained 
were 25 and 130-fold higher than those of the respective external 
solutions. 

At zero-time uptake (10-20 sec exposure at 0 ~ there was always a 
small but discrete amount  of either extracellular binding or uptake 
component  which ranged from 2 to 10~o of labelled nucleoside con- 
centration in the external solution. These values were taken into account 
and subtracted accordingly. In uptake studies with CAR in the range 20- 
2,000 I~M at constant (3H) radioactivity, the value of radioactivity found 
in the cells at 5 rain was essentially the same for all CAR concentrations 
and was constant for at least 5 more min at 20 ~ Since similar results 
were obtained with 3-0-methyl glucose, a nonmetabolizable sugar, it was 
assumed that the (3H) reaches equilibrium with the external solutions 
and that the radioactivity inside the cell represented primarily the 
internal volume of cells (i.e., cellular nucleoside free volume). The (3H) 
labelled material extracted from cells after 8 min incubation was in- 
distinguishable from (3H) CAR as analyzed by thin layer radiochromatog- 
raphy (see Methods). Therefore, in 5-10 min of incubation at 20 ~ the 
metabolic conversion of CAR by MCT cells was negligible, and trans- 
port was the rate-limiting step of CAR uptake. 

Internal Volume of Cells 

Plates with different numbers of cells were used for the determination 
of the nucleoside volume (i.e., internal cell volume) and for cell protein 
(Fig. 4). At densities of up to 6 x 106 cells per plate, the protein content of 
the cells and the internal cellular volume were linear with the number of 
cells. The protein content amounts to about 10 ~ of the total cell weight 
(assuming cells have a density of 1 g/ml). In PBS medium the volume 
occupied by 106 MCT hamster cells is 2 gl and their protein content 
0.2 mg. These values were also confirmed using 3-0-methyl-glucose as the 
nonmetabolizable substrate. They were independent of the specific ac- 
tivity of the labeled species. The equilibrium levels of (all) CAR and the 
above coefficients were used to determine the actual concentration of 
compounds that penetrated into the cells. This method was found more 
reliable, reproducible, and convenient than counting the number of cells 
per plate. 
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INTERNAL V O L U M E - P R O T E I N  RELATIONSHIPS 
in HAMSTER CELLS 
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Fig. 4. Relationship between number of cells, cell protein, and cell internal volume 
(calibration curve). Cells at different densities were measured for protein (triplicates) and 
for equilibrating levels of (3H) cytosine-arabinoside (quadriplicates). The SEM of each 

experiment was smaller than the size of the circle in the figure 

Kinetic Properties of CAR Transport 

Transport of CAR was measured by the zero-trans influx procedure 
(i.e., uptake) and by the exchange efflux procedure [2, 36]. The 
Michaelis-Menten and reciprocal plots of CAR uptake are shown in 
Fig. 5 and of  C A R  exchange in Fig. 6 (B and C). Initial transport rates v 
were obtained from 10-20 sec uptake measurements, while uptake was 
demonstrably linear with time. However, above 1 mM (3H) CAR, the 
present technique did not allow estimation of initial uptake rates. The 
rates of exchange, v, were computed from v = k. IS] in which IS] was 
CAR concentration. The rate constant k was obtained from the in- 
tegrated rate equation given in Materials and Methods. The kinetic 
constants related to uptake and exchange were obtained by either linear 
or nonlinear regression analysis (Table 1). 

For uptake, the two analytical procedures gave similar kinetic con- 
stants (V, Kin) and similar V/K~ ratios. For up to 1 mM substrate, the 
data could well be fitted to a single Michaelis-Menten component. 
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INFLUX (zero-trans) of CAR in HAMSTER CELLS 
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Fig. 5. Kinetics of CAR influx (zero-trans). Cells (5 gl equivalent volume) were incubated 
with various concentrations of (3H) CAR (S) and the initial rates of uptake, v, were 
calculated. Data of two separate experiments (crosses and circles, each performed in 
duplicates and averaged) are presented as Michaelis-Menten (left) (v against S) and 
reciprocal plots (right) (Sly against S). The left graph shows a nonlinear regression line 
drawn by the computer for a single Michaelis-Menten component: V=795 +_105 gM 
min 1 and Km=350• gM. (V/Km=2.26 rain-1.) The right graph shows the linear 

regression line for V=690 +70 gM rain-1 and Km=295 +_45. (V/K,~=2.34.) 

Incorporat ion of additional saturable or nonsaturable components  did 

not  improve the data or the related correlation coefficients (Table 1). 

For  the exchange procedure, the kinetic constants obtained from 

either linear or nonlinear regression analysis of single Michaelis-Menten 

components  were substantially higher than the corresponding kinetic 

constants of uptake. V/K m values, however, were substantially lower 
than those of uptake. Only when an additional exchange component  was 

included in the analysis, could the kinetic constants be made more 

comparable  to the respective constants of uptake. This also resulted in a 

new V/K,~ value, which became virtually the same as that of uptake, 

validating the assumption of the second component.  The presence of this 
additional component  of exchange became apparent at high concen- 
trations of substrate (S>5  mM). However,  data obtained with up to 
20 mM substrate were not sufficient to ascertain whether that component  
was also of a saturable nature. If in fact it was, then its K,~ value had to 
be considerably higher than that associated with uptake (i.e., at least 50 
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EFFLUX (exchange) of (~ )CAR in HAMSTER CELLS 
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Fig. 6. Kinetics of CAR efftux (equilibrium exchange). Cells (6.2 ~L1 equivalent volume) 
were equilibrated with various concentrations of (3H) CAR (constant counts 1 x 10 ~ 
cpm/ml). The extracellular loading solution was removed, and efflux was initiated 
with 5 ml of the respective CAR solutions. (A): Fractional radioactivity remaining in cells 
plotted against time; rate constants, k, are computed by linear regression. (B): Michaelis- 
Menten plots. Efflux parameters were calculated from data shown in A:v=k[S]. (C): 
Reciprocal plots of single Michaelis-Menten component using data shown in B. Kinetic 
constants obtained from linear regression analysis were: v =3850 • gM. min-~ and 

Km=2320_+475 gM. (V/K,, = 1.66. See also Table 1.) 

t imes higher). The  c o m p u t e r  s imula ted  curves for a single c o m p o n e n t  

and  for mul t ip le  c o m p o n e n t s  are d i sp layed  in Fig. 7. 

In o rde r  to test  the specificity proper t ies  of  the C A R  t r anspo r t  sys tem 

of  M C T  cells, the  effects of  var ious  nucleosides  on  (3H) C A R  up take  

were s tudied (Fig. 8). The  la t ter  were measu red  after  s imul taneous  ad- 

d i t ion  of  subs t ra te  and  inhibi tor .  U p t a k e  was fo l lowed f rom 10 to 60 sec, 

depend ing  on  the concen t r a t i ons  of  inhibi tor .  U p t a k e  of  C A R  was 

me a su r e d  at a cons tan t  c o n c e n t r a t i o n  of  substra tes  S (S~Km) and  

increasing concen t ra t ions  of  inh ib i to r  (i). D a t a  is given as 1/fract ional  
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Table 1. Kinetic constants of (3H) CAR transport in hamster cells in culture a 

Meth- Zero-trans in Exchange out 
od  b 

V K,. V/Km k V K., V/K,~ k 

I 590• 70 295• 45 2.34 - 3070+_380 1850• 1.66 - 
II 791• 350• 2.26 - 3660• 2120• 1.72 - 

III 783• 343• 2.28 <10 .6  1230• 503• 2.26 0.3• 

a V and K m are given in gM min-  1 and gM, respectively. V/K,, and k are given in rain 1. 
b Transport parameters were calculated from original data shown in Figs. 5 and 6. 
Method I is a linear regression analysis of the Sly vs. S linearized Michaelis-Menten 
formula. Method II is a nonlinear regression analysis of the v vs. S Michaelis-Menten 
formula. Method III is the same as II but with an additional component k.S incorporated 
in the Michaelis-Menten formula (see Methods). Simulated curves based on the kinetic 
parameters of exchange (Method II1) are shown in Fig. 7. 
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Fig. 7. Kinetic components of CAR exchange. Experimental points taken from Fig. 6 and 
from additional experiments are averaged and range of values (_+SEM) are presented 
within bars. Data are analyzed by nonlinear regression method in terms of v ~+xx= v~+ v u 
where vI=Vx[S]/(K~+[S]) and vU=kU[S]. I, II, and 11I are theoretical curves (solid 
lines) generated by computer using the kinetic parameters derived from nonlinear 
regression analysis of two component kinetics (Table 1). Curve I' (broken line) is the 
theoretical curve for a single Michaelis-Menten component using the kinetic parameters 

derived from nonlinear regression analysis (Table 1) 
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EFFECT of NUCLEOSIDES on (3H)CAR T R A N S P O R T  
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Fig. 8. Effect of various nucleosides on (3H) CAR transport. Uptake of (3H) CAR (50 JAM, 
1 x 106 cpm/ml) measured in the absence (V0) or presence (VI) of increasing concen- 
trations of nucleosides (I) and plotted as Vo/V I vs. (I). (Vo/V I = 1/fractional transport). The 
nucleoside concentration that reduced V o by 1/2 (IDso) was obtained from the linear 
regression line. The IDs0 values (in gM) were: for adenosine (A), 60_+ 15; for uridine (U), 
100_+36; for guanosine (G), 390_+90; for thymidine (T), 180_+35; and for cytidine (C), 

880 _+ 130 
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Fig. 9. Inhibition of nucleoside uptake by CAR. Uptake of (3H) nucleosides (1 gM, 2 
x 105 cpm/ml) was measured for 5 rain in the absence (%) or presence (vi) of increasing 
concentration of CAR (I) and plotted as in Fig. 8. The IDso values (in gM) were: on A, 
1650_+410; on B, 650_+120; on U, 1920_+280; on C, 1400+315; and on T, 1550_+365 
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uptake (Vo/Vj, where the initial uptake v is v I in the presence and v 0 in 
the absence of nucleoside I. Among the five nucleosides tested, adenosine 
and uridine were the most efficient inhibitors of (3H) CAR transport, 
giving half maximal inhibitory dose (IDs0) values of 50+15 and 100 
+ 36 gM, respectively. These values are about twofold higher than the K,, 
values of either adenosine or uridine (Cabantchik and Eilam, submitted 
for publication). Therefore, no definite conclusions could be made regard- 
ing the' possibility that cytosine-arabinoside and these nucleosides may 
share a common entry path. 

The effect of increasing concentrations of CAR on the uptake of 
other nucleosides was also studied (Fig. 9). The concentration of S used 
was < 1/5 the K m value of uptake of the respective nucleoside. CAR did 
inhibit the uptake of nucleosides, especially the purine ribosides. 

Chemical Modification and Inhibition Studies 

Nitrobenzylated derivatives of 6-mercaptopurine ribosides are highly 
potent inhibitors of nucleoside uptake but do not interfere with nu- 
cleoside metabolism in broken MCT hamster cell preparations [8, 9]. In 
this report the most potent member of this class of inhibitors, NBMI, 
was shown to affect CAR transport.in n~ concentrations (Fig. 10). The 
inhibitory effect of NBMI could be further potentiated by chemically 
modifying cells with the organomercurial p-hydroxymercuribenzene- 
sulfonate (pMBS), whereas in the same conditions pMBS alone stimu- 
lated uptake by more than 200 ~o. This indicated that pMBS did not 
increase cell leakiness toward nucleosides, but rendered the cells more 
susceptible to NMBI. The synergistic effect of pMBS and NBMI could 
also be obtained if cells were first modified with pMBS, washed, and then 
treated with NBMI. Both the individual and the combined effect of these 
compounds were irreversible, by washing, in the conditions of Fig. 10. 
Under more strenuous washing conditions, such as multiple washings 
combined with incubations in PBS, the NBMI effect could be completely 
reversed, whereas the pMBS stimulatory effect could not. 

The inhibitory effect of NBMI on nucleoside transport is of a 
partially competitive nature [-9]. Increasing concentrations of NBMI 
always left a fraction of CAR transport virtually refractive to the 
inhibitor (Fig. 11). This fraction could be significantly reduced with 
pMBS under conditions where the organomercurial did not inhibit CAR 
transport, but in fact stimulated it (Fig. 10). The K~ of NBMI on CAR 
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EFFECT OF pMBS AND NBMI ON 
CAR UPTAKE 
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Fig. 10. Effect of inhibitors on CAR transport. Cells (4.2 x 106 per plate, 8.4 ~tl equivalent 
volume) were preincubated for 20 min at 22 ~ with buffer (control, e); 50 gM pMBS (A); 
20 nN NBMI (o); or 50 gN pMBS and 20 gM NBMI (zx). The extracellular medium was 
removed, and the uptake of (3H) CAR (1.4 x 106 cpm/ml, 60 gM) was followed with time 

uptake was less than 0.5 nM as measured from the extrapolated line of 
either the normal or the modified Dixon plot (Fig. 11). 2 It was found, 
however, that NBMI, at concentrations below 1 nM had a consistent 
stimulatory effect on CAR uptake (Fig. 11). The level of stimulation 
relative to control varied from 20 to 50 ~,  depending on the cell density, 
time of incubation, and concentration of inhibitor, pMBS, in c o r n -  

2 At [S~ ~K~,  transport in the presence of a competitive inhibitor v I or in its absence, 
v0, are given by: 

and dividing, we obtain 

v. is] V.[S]  and v I -  (1) 
v ~  K,. Kin(1 +EI]/K~) 

v~ = 1 + [ I ] .  (2) 
v I K~ 

Thus, a plot of vo/v~ vs. [ I ]  gives a straight line with an intercept equal to --K~. 
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Fig. 11. Dixon plots of NBMI inhibition of CAR transport. Cells were preincubated for 
20 rain at 22 ~ in the presence of increasing concentrations of NBMI without pMBS 
(filled triangles and filled circles represent separate experiments) or in the presence of 
pMBS (50 gM) (open circles). The preincubation media was removed and (3H) CAR 
(60 gM) uptake was measured as described in Fig. 3. Inset: Dixon plot of CAR uptake 

measured at either 60 gM (e) or 30 gM (n) substrate 

bination with low N B M I  concentrations, produced only inhibitory 
effects. 

The effect on SH groups was also tested with the relatively more 

permeable N-ethylmaleimide (NEM). Unlike pMBS, N E M  inhibits uri- 

dine and C A R  uptake in hamster cells in culture. The dependence of 
inhibition of uridine uptake on the concentration and time of reaction of 
N E M  are shown in Fig. 12. Cells were reacted with different con- 
centrations of N E M  for 20min  ~ at 20~ and washed before uridine 

uptake was measured�9 At low concentrations of N E M  (up to 10 gM), 
uptake of uridine was stimulated, but  increasing concentrations of in- 
hibitor drastically inhibited the function�9 A plateau of inhibition (80 ~o) 
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Fig. 12. Profile of inactivation of uridine transport by NEM (N-ethylmaleimide). Cells 
were exposed to either increasing concentrations of NEM for 20 min at 20 ~ (left) or to 
a constant concentration of NEM [50 gM ( x ) or 200 gM (1t)] for different periods of time 
(right). Cells were washed 3 times with 5 ml buffer and uptake of (3H) uridine (10 gM) was 

measured for 5 rain at 20 ~ 

was reached with 50 gN NEM.  The reaction times needed to produce 

half-maximal inhibition with 200 t.tM and 50 pM N E M  at 20~  were 
0.4 rain and 1.6 min, respectively. The fall of uptake with time fitted a 

single exponential decay curve, as expected for inactivation of a single 

populat ion of SH groups [39]. 
N E M  resembled N B M I  in its failure to elicit a full inhibitory effect 

on uridine uptake. In order to evaluate the N E M  effect, uptake of (3H) 

uridine was followed with time (from 0.5 to 20 min), either concurrent 
with the N E M  reaction (Fig. 13, left) or in cells previously modified with 

N E M  (Fig. 13, right). Uridine uptake was linear up to 20 rain at 20 ~ In 

the presence of maximal inhibitory doses of N E M  the inhibitory effect 
was already apparent  at 0.5 min; however, uptake continued at a steady 

rate even after 20 min. When pMBS was added together with N E M ,  the 
initial inhibition by N E M  was offset by the st imulatory effect of pMBS. 
However,  with time, pMBS supported inhibition by N E M  to levels 
higher than those attained with N E M  alone. This was also shown if cells 

were first modified with mercurials and uptake of uridine was sub- 
sequently measured (Fig. 13, right). Virtually none of the (3H) label 

associated with cells after 10 min incubation with (3H) uridine, whether 
in the presence or absence of modifiers, could be identified as (3H) 



Nucleoside Transport in Cell Membranes 149 

E F F E C T  o f p M B S  ond NEM on URIDINE U P T A K E  

LU 

EL o 

== 

E 

X 
I 
I 

/ �9 

/ o ~  X control 

'/ o/" o NEM (aOO~M) 
~o / �9 NEM (2OO~M)~ 

pMBS ( 5 0  heM) 

4 0  

20  

IO 2 0  

TIME (~l..) TIME (rain.} 

NEM o 

I0  20 

Fig. 13. Effect of SH-reagents on uridine uptake. Cells (1.2 x 106 per plate, 2.4gl 
equivalent volume) were incubated with (3H) uridine (10pM, 1 x 106 cpm/ml) either 
without inhibitor, with NEM (200 gN), with pMBS (50 pN), or with both. Left: Uptake of 
(3H) uridine was measured as a function of time at 20 ~ Right: Cells incubated as above 
for 10min at 20~ washed 3 times with 5 ml buffer and then incubated without 
inhibitor. Uptake (x  103 cpm/plate) is shown as a function of time of the second 

incubation 

EFFECT of NEM and pMBS on CAR UPTAKE 
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Fig. 14. Effect of SH-reagents on CAR uptake. Cells (2.2 x 106 per plate) were incubated 
with either pBMS pMBS, NEM, or pMBS and NEM, washed and incubated without 
inhibitor as in Fig. 12, right. Uptake of (3H) CAR (1 raM, 6.5 x l0 s cpm/ml) was measured 

as a function of time of the second incubation 



150 O. Heichal, O. Bibi, J. Katz, and Z.I. Cabantchik 

uridine by thin layer chromatography. Thus, uridine transported into 
cells was readily metabolized even after substantial modification of cells 
with maximal transport inhibitory doses of SH blocking agents. It can 
also be observed that in cells modified with pMBS and NEM, the level of 
(3H) uridine taken up is 1/3 below the internal volume of the cells [,(1.7 
x 103 cpm/2.4 gl cells)= 0.7 x 106 cpm/ml in cells, as compared with 1 
x 106 cpm/ml in the external solutionl even after 20 min of uptake. This 

demonstrates that the transport system of (3H) uridine is probably a 
target of the tested inhibitors. This claim can be further substantiated by 
studying the effects of pMBS and NEM on CAR transport (Fig. 14). 
Cells modified with these agents display similar behavior toward CAR 
uptake as toward uridine uptake. Again, pMBS significantly stimulated 
uptake, while NEM partially repressed it. The combined effect of both 
compounds resulted in more than 95 % inhibition. 

Discussion 

CAR is demonstrated to be a suitable permeant for studying kinetic 
and chemical properties of nucleoside transport in MCT hamster cells in 
culture. The main line of evidence is based on the fact that the com- 
pound taken up by the cells is not chemically modified for at least a 
period of 10 rain. Thus, unlike the uptake of the metabolizable thymidine 
and uridine, CAR uptake levels off so that no net accumulation occurs 
(Figs. 3, 10, 14). The level of CAR attained within the cells relative to the 
external concentration of substrate yields the same cellular volume as 
that obtained with another demonstrably nonmetabolizable substrate, 3- 
O-methyl glucose. On the other hand, in cells capable of fast metabolic 
conversion of CAR [,21], the uptake of profiles of CAR are similar to 
those obtained with either uridine or thymidine (Fig. 3). Cells lacking the 
metabolic apparatus for nucleoside modification [.22, 27, 28] have in- 
variantly shown profiles of nucleoside uptake similar to those obtained 
above with CAR. This does not imply that MCT cells are not at all 
capable of metabolizing CAR, but only that metabolism did not contri- 
bute to the results reported here. 

CAR uptake (zero-trans influx) at 20 ~ is typical of a facilitated 
diffusion mechanism [-36]. It is saturable, and it is inhibited by other 
nucleosides, by nucleoside analogs, and by some SH reagents. In Yo- 
shida ascites sarcoma cells, CAR is thought to penetrate via the same 
mechanism used by deoxycytidine and perhaps by other nucleosides 
E22]. Thus, it is conceivable that nucleoside transport systems may 
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display a substantial latitude in accepting a variety of nucleosides [-1, 12, 
27, 28, 35, 37]. However, in the present work (Table 1), the substrate 
specificity of the nucleoside transport system utilized by CAR remains 
unresolved. MCT cells may contain manifold nucleoside transport sys- 
tems with distinct substrate specificities. Although CAR may utilize 
either one or several of these paths, the fact that a single Michaelis- 
Menten component (Fig. 5, Table 1) can fully describe the zero-trans 
properties of CAR influx in the range of concentrations used might argue 
against multiple paths. However, additional minor transport components 
of CAR with Km'S either above 10 mM or below 20 gM could easily pass 
undetected by the techniques of either transport measurements or kinetic 
analysis used in the present work [4, 10, 35]. Another problem that 
could affect the kinetic measurements arises from the possible existence 
of intracellular pools of nucleosides which can exchange with the exter- 
nally added CAR [26, 28]. In view of the high metabolic rate of the cells, 
this possibility is remote, but still cannot be ignored [4, 36]. 

The CAR transport properties have also been characterized in terms 
of the equilibrium exchange procedure (Fig. 6, Table 1). The advantage of 
using efflux measurements is that the rate constants, and, consequently, 
also the influx or efflux parameters, can be accurately measured over a 
wide range of CAR concentrations without having to measure initial 
velocities. Also, it circumvents a possible heteroexchange with other 
nucleosides by having the cells loaded with CAR to equilibrium before 
isotopic exchange is measured. In the initial analysis of the kinetic data, 
whether by the linearized or by the nonlinear form of a single Michaelis- 
Menten component, the resulting V and K m values of exchange were 
considerably higher than those of zero-trans (Table 1). Although not 
uncommon in diffusion-facilitated mechanisms [-2, 36], the discrepancy in 
the V/K,, values indicated an error in the assumption of our analysis. 
Nonlinear regression analysis (Fig. 7) reveals that in the exchange pro- 
cedure the lack of saturation at [-S] > 5 mM could result from the pre- 
sence of an additional exchange component of either diffusion or high 
K m and V [4]. The sum of the two-component system can fit the data as 
well as a single component system for [-S] <5 raM. For higher con- 
centrations, the two component system produces a better fit. The fact 
that the V/K,, value for the saturable part of the multiple component 
system is indistinguishable from that obtained in zero-trans conditions 
(see Table 1) also suggests that the two-component system is to be 
preferred. A similar analytical approach performed on the zero-trans 
procedure with data up to 1 mM CAR showed that a second transport 
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component  need not be invoked for [S] < 1 raM. However, in analogy 
with the above results, it is conceivable that a second zero-trans com- 
ponent of transport might also be operative at higher CAR concen- 
trations. Unfortunately, the fact that initial velocities of transport could 
not be accurately obtained at [S] > 1 mM precluded us from extending 
our studies to the relevant concentration levels. 

Evidence for the existence of two saturable components of CAR 
transport has also been recently demonstrated in Yoshida ascites sar- 
coma cells [22]. 

Modulation of Nucleoside Transport Activity with Chemical Probes 

The addition of nM amounts  of NBMI to MCT cells results in 
inhibition of CAR transport and of nucleoside uptake into cells (Figs. 10, 
11), [8, 9]. Based on the assumption that these nucleosides share com- 
mon transport systems which are sensitive to NBMI and that NBMI 
does not interfere directly with their metabolic conversion [9], we 
concluded that the inhibitor acted directly on the transport component  
of nucleoside uptake. The profile of NBMI inhibition previously found 
for uridine uptake [8, 9] was reproduced for CAR transport (Fig. 11). 
The inhibitions were reversible and were apparently of a partially 
competitive nature [39, 40], displaying K i values of less than 0.5 riM. The 
effects were competitive inasmuch as the percent inhibition relative to 
control decreased with increasing concentration of substrate at constant 
concentration of inhibitor and, as a consequence, the appropriate K m 
increased. They were of partial nature since increasing concentrations of 
inhibitor at constant substrate concentration led to a finite inhibitory 
level which was substantially lower than 1.0 (Fig. 11). 

These features were previously explained by assuming NBMI binding 
to a carrier I at sites different from the substrate binding sites (i.e., 

allosteric sites) [20] and inducing a conformational change (I A NB_(NBN~MI IB ) 
[8]. This change is manifested in a decreased affinity of I for the 
substrate and an increased susceptibility to pMBS (Fig. 15, model 1). 
Alternatively the NBMI-refractive fraction of nucleoside transport might 
represent an additional nucleoside entry path II which is insensitive to 
NBMI, but can be inhibited by pMBS (Fig. 15 is model 2). The difference 
between the two models resides primarily in the "nature" of the com- 
petitive inhibition by NBMI:  in model 2 it is exerted via binding to 
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Fig. 15. Hypothetical models for nucleoside transport systems. (1): The allosteric model 

assumes a single carrier I which can adopt distinct conformations A - G  upon modifi- 
cation by various probes. I A represents the unmodified carrier which can be either 
stimulated by pMBS, inhibited in a partially-competitive fashion by NBMI or noncom- 
petitively by NEM. The relative transport activity of the system in the various states is in 
the following order: IAA > I A > I~ > I c > I D > I E > I~ > I G. The reaction scheme inside the 
square that is demarked by dotted lines is based on data presented in our previous works 
[8, 9]. (2): The multiple carrier model assumes two carriers, I A and IIA, operating in 
parallel. For a given nucleoside, I A represents its predominant carrier which can be 
inhibited by either NBMI (fully competitive fashion) or NEM (fully noncompetitive 
fashion) and can also be stimulated by pMBS. I I  represents a carrier which is insensitive 
to NBMI but is inhibited by SH reagents in either a partially or fully noncompetitive 

fashion 
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substrate sites and it can be "complete", whereas in model I it is exerted 
on allosteric sites and it is only of a partial nature. 

Although a kinetic analysis presented elsewhere [9] and the fact that 
pMBS alone did not produce inhibition tended to make I the model of 
preference, the actual need to imply allosteric sites for structurally 
related analogs of the substrate can be questioned. We observed that the 
organomercurial alone highly stimulates transport of either CAR or 
uridine (Figs. 10, 13, 14). It is therefore possible that pMBS actually 
inhibited component II  but the effect was overshadowed by the marked 
stimulation of the predominant component I. In this case NBMI alone 
or NBM1 in combination with pMBS will inhibit component I, while 
pMBS alone will inhibit only component II  (Fig. 15). The experiments 
with the irreversible binding reagent NEM may support the latter view. 
Unlike pMBS, NEM inhibits nucleoside transport very efficiently, but 
like NBMI, it leaves a residual transport activity refractive to increasing 
concentrations of reagent. Again, this activity can be abolished by pMBS 
added before, after, or during NEM reaction (Figs. 13, 14). Although 
these results are compatible with either model (Fig. 15), it will be difficult 
to envisage two agents as dissimilar as NBMI and NEM either acting by 
analogous mechanisms or producing similar effects, as required in 
Model 1. Model 2, provides a simpler explanation by invoking the in- 
volvement of two transport systems, one susceptible to NBMI and/or 
NEM inhibition and another susceptible to inhibition by pMBS (Fig. 15). 
This model is also compatible with the results of CAR exchange which 
can be interpreted in terms of two transport systems acting in parallel, 
one displaying low Km properties and the other displaying either a high 
K,, or simple diffusion properties (components I A and IIA, respectively, 
in Fig. 15, Model 2). The observation that CAR transport can be fully 
inhibited by a combination of nucleoside analogs and chemical modifiers 
indicates that component II  might constitute a specific transport system 
with saturable properties. 

Nucleoside transport systems differ considerably in their response to 
various SH blocking reagents, particularly organomercurials. When sep- 
arately applied, pMBS and NEM have opposite effects-the former 
stimulates, whereas the latter inhibits transport. However, when applied 
together or in series (in either order), NEM reverses or abolishes the 
stimulation and elicits an inhibition of its own which is higher than that 
produced with pMBS absent. Stimulatory and synergistic effects have 
also been obtained with the nonpenetrating mercurial pMB-dextran and 
NEM, but none of these effects have been observed with either iodoacet- 
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amide (IAA), iodoacetic acid (IA) or bis-dithionitrobenzoic acid (DTNB) 
(unpublished observations). Thus, results with the lipophylic NEM and 
with the hydrophylic mercurials suggest the involvement of hetero- 
geneous populations of SH groups in transport of nucleosides. The 
groups related to stimulation are likely to be at the exterior of the 
membrane since they are accessible to either pMBS or pMB-dextran 
[30]. Those related to inhibition are internally located in the membrane, 
easily in the reach of reagents as NEM, but inaccessible to organomer- 
curials. Although NEM is also likely to react with external SH groups, 
the putative stimulatory effect was not observed except at very low 
concentrations of reagent (Fig. 12), where NEM is expected to react 
preferentially with superficial sites. 

It is conceivable that the topological differences of these functional- 
related groups are a result of their being associated with different 
membrane proteins, some of which are directly involved in transport. It 
is also conceivable that stimulation of a transport system resulted from 
neutralization of SH-containing entities which inhibited the function. 
However, results obtained in this work (Figs. 10, 11, 12, 14) would 
indicate that pMBS supports or potentiates subsequent inhibition by 
either NEM or NBMI, probably by modifying the conformation of the 
transport systems to "states" more susceptible to the aforementioned 
probes (Fig. 15). These conclusions stem from the fact that the combined 
effects of the various agents could not be explained solely on the basis of 
additive effects. 

Stimulation of transport processes by SH reagents has previously 
been observed in other systems [6, 30, 34], although not with nucleosides 
[7, 13, 28]. We have observed both stimulatory and potentiating effects 
of pMBS on nucleoside transport in a variety of normal and transformed 
hamster and mouse cell lines and we are exploring their function in the 
modulat ion of transport processes by physiological factors. Stimulatory 
effects of various components on glucose transport in thymocytes have 
been recently described [40]. 
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