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Summary. The transport of thymidine into Chinese hamster ovary cells grown in suspen- 
sion culture was measured under conditions in which thymidine was not metabolized, 
namely, when cells had been depleted of ATP. The system transporting thymidine was 
saturable (K-;~=70 laM), rapid (50% of transmembrane equilibrium level attained within 
8 sec), and was apparently shared by other nucleosides, but not thymine or hypoxanthine. 
6([4-nitrobenzyl]thio)-9-fi-D-ribofuranosylpurine, "nitrobenzylthioinosine", inhibited thymi- 
dine transport in a simple, noncompetitive fashion with an apparent K~= 1.0 nu (based 
on total concentration of inhibitor, which significantly overestimates that of free inhibitor). 
The rate of expression of inhibition was slow (tl/2 = 17 sec) relative to the rate of association 
of thymidine with its transporter, and thymidine partially protected the transport system 
against inhibition by nitrobenzylthioinosine. The dissociation constant for the inhibitor- 
transporter complex was estimated at about 0.1 riM, and the number of binding sites per 
cell at about 6 x 104. HeLa, P388 murine leukemia, and mouse L cells were as sensitive 
to nitrobenzylthioinosine inhibition of thymidine transport as Chinese hamster ovary cells; 
Novikoff rat hepatoma cells were much less sensitive. 

Var ious  th ioes ters  o f  6 - m e r c a p t o p u r i n e  r ibosides  have  been ident if ied 

as inh ib i tors  o f  t u m o r  g rowt h  ( M o n t g o m e r y  e t  al . ,  1961). A pa r t i cu la r ly  

p o t e n t  m e m b e r  o f  this class is 6 - ( [4-n i t robenzyl ) th io) -9- f i -D-r ibofuranosyl -  

pur ine ,  the p - n i t r o b e n z y l t h i o  ana l og  o f  inosine.  Us ing  the h u m a n  e ry th ro -  

cyte as a m o d e l  system,  P a t e r s o n  and  his col leagues  have  d e m o n s t r a t e d  

tha t  this c o m p o u n d  s t rongly  inhibi ts  the m e m b r a n e  t r a n s p o r t  sys tem 

for  nucleos ides  (Pa t e r son  & Oliver,  1971 ; P i cka rd  e t  al . ,  1973 ; Cass,  G a u -  

det te  & Pa te r son ,  1974). N i t r o b e n z y l t h i o i n o s i n e  b inds  t ight ly  to the eryth-  

rocy te  m e m b r a n e  (d issocia t ion  cons t an t  = 1 riM) bu t  is not  i tself  a l tered 

chemical ly .  A causal  re la t ionsh ip  of  t r a n s p o r t  inh ib i t ion  to a n t i t u m o r  

act ivi ty  has  no t  been  d e m o n s t r a t e d .  

Never the less ,  this w o r k  has  es tab l i shed  n i t robenzy l th io inos ine  as a 

selective and  useful  p r o b e  of  nucleos ide  t r anspor t .  P rospec t s  for  its use 

as a tool  to cha rac te r i ze  nuc leos ide  t r a n s p o r t  systems,  to t i t ra te  car r ie r  
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molecules, and to affinity-label these carriers motivate its application 
to cells more complicated than the erythrocyte. Indeed, its inhibition 
of uridine uptake has been studied in transformed hamster fibroblasts 
(MCT line, Eilam & Cabantchik, 1976, 1977) and of uridine, thymidine 
and adenosine uptake in HeLa cells (Paterson, Naik & Cass, 1977b; 
Cass & Paterson, 1977; Paterson et al., 1977a). 

While these studies have rigorously identified the transport step as 
the level at which nitrobenzylthioinosine operates, they observe the effects 
of that operation on nucleoside uptake. 1 Uptake of a radiolabeled nucleo- 
side is a multiphase process which often involves transport 2 of substrate 
across the cell membrane, phosphorylation by a nucleoside kinase, incor- 
poration 3 into nucleoside triphosphates and eventually into nucleic acids. 
It has generally been a s s u m e d -  and supported by indirect evidence - that 
transport limits the rate of this overall process (see review by Plage- 
mann & Richey, 1974), and, consequently, that the kinetic characteristics 
of uptake are ascribable to the transport step. However, where the trans- 
port step has been isolated from the subsequent steps of uptake, by 
chemical, genetic, or kinetic means, its kinetic characteristics appear 
vastly different from those of the overall process. For example, the uptake 
of thymidine in wild-type Novikoff  rat hepatoma cells proceeds with 
a K,, of about 0.5 l-tg and a Vm,x of about 0.1 pmol/gl cell water.sec, 
and is quite specific for thymidine; the transport of thymidine into cells 
of a thymidine kinase-deficient subline (like that into ATP-depleted, 
wild-type cells) proceeds with a Km of about 85 ~tN and a Vmax of 10 
to 20 pmol/~tl cell water, sec, and the system is shared by several nucleo- 
sides (Wohlhueter et al., 1976; Marz, Wohlhueter & Plagemann, 1977 a). 

The implication of these data is that some step other than transport 
is rate limiting for the uptake process; recently the rate limiting step 
has been identified as intracellular phosphorylation in Novikoff cells 
(for thymidine uptake, Marz et al., 1977b) and in 3T3 cells (for uridine 
uptake, Rozengurt, Stein & Wigglesworth, 1977). A correlary point is 
that the pattern and extent of inhibition by membrane-level inhibitors, 
as judged by their effect on uptake, is different from the pattern and 
extent of inhibition of transport per  se. This point is illustrated by the 
inhibition of hexose transport by cytochalasin B (Plagemann, Graft & 
Wohlhueter, 1977). 

1 By "uptake" we denote the total accumulation of radioactivity derived from a given 
substrate within the cell regardless of metabolic conversions. 
2 "Transport" denotes passage of substrate across the plasma membrane. 
3 "Incorporation" denotes appearance of radioactivity derived from a given substrate 
into a specified compound or class of compounds. 
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A n  a d e q u a t e  a s s e s s m e n t  o f  n u c l e o s i d e  t r a n s p o r t  (as  o p p o s e d  to  u p -  

t a k e )  in  m a m m a l i a n  cel ls  r e q u i r e s  r a p i d  s a m p l i n g  t e c h n i q u e s  ( B e r l i n  & 

Ol ive r ,  1975;  W o h l h u e t e r  e t a l . ,  1978). I n  t he  p r e s e n t  c o m m u n i c a t i o n  

we  p r o b e  the  t h y m i d i n e  t r a n s p o r t  s y s t e m  o f  C h i n e s e  h a m s t e r  o v a r y  cel ls  

w i t h  such  t e c h n i q u e s .  

Materials and Methods 

Cells and Media 

Novikoff rat hepatoma cells (subline N1S1-67) and mouse L cells were propagated 
in suspension culture in Swim's medium 67 and enumerated with a Coulter counter as 
described previously (Ward & Plagemann, 1969; Graft & Plagemann, 1976). P388 mouse 
leukemia, Chinese hamster ovary, and HeLa cells were propagated in the same manner, 
except that the growth medium was Eagle's Minimal Essential Medium supplemented 
with 10 % fetal calf serum and that for production of large batches (1-3 liters) the suspensions 
were agitated with a magnetic stirrer rather than by incubation on a gyrotory shaker. 
Cells to be used in experiments were harvested from late exponential phase cultures (between 
0.5 and 2x  106 cells/ml depending on the cell line) by centrifugation at 400xg for 1 rain 
and resuspended in a basal medium (BM42B; Plagemann & Erbe, 1974) for ~ransport 
assays. 

In the case of the Novikoff and L cell lines, we have available thymidine kinase 
deficient mutants, which transport thymidine, but are unable to metabolize it. For the 
other cell lines, where it was necessary to preclude complications due to metabolism of 
transported substrate, the cells were depleted of ATP by incubation at 37 ~ for 15 rain 
in a glucose-free variant of basal medium (BM42A), containing 5 mM KCN and 5 mM 
iodoacetate (Plagemann, Marz & Erbe, 1976). Such ATP-depleted cells are not impaired 
with respect to thymidine transport, but are unable to phosphorylate the nucleoside (nor 
otherwise metabolize it), so that isotopic thymidine is accumulated within the cell only 
to the extent of equilibrium between extra- and intracellular water (Wohlhueter et al., 
1978). 

Transport Measurements 

The methodology employed to assess initial rates of transport is described in detail 
elsewhere (Wohlhueter et al., 1978), Cell suspension and radioactive substrate were mixed 
in constant proportion (448:61 I-tl)at intervals of as little as 1.5 sec means of a dual-syringe 
device. The emergent mixtures were dispensed into twelve tubes loaded in the rotor of 
an Eppendorf microcentrifuge, and containing 100 pl of a silicone oil mixture of density 
1.034 g/ml. After the final tube was dispensed, the centrifuge was started, whereby cells 
were centrifugally removed from the medium within 2 sec. Subsequently the medium was 
aspirated, the upper part of the tubes rinsed, and the radioactivity present in the cell 
pellet quantitated by scintillation spectrometry. 

Two different experimental protocols were employed: (i) "Zero-trans' '  (zt), in which 
radioactive substrate is introduced exogenously, and enters the cell against an internal 
concentration assumed initially to be zero; and (ii) "Equilibrium exchange" (ee), in which 
ATP-depleted (nonmetabolizing) cells are preloaded with a given concentration of nonra- 
dioactive substrate and then mixed by means of the dual-syringe with radiolabeled substrate 
at the same concentration. For exchange experiments and for zero-trans experiments in 
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nonmetabolizing cells, sampling times were adjusted to encompass the full time course 
of the approach to extra-/intracellular equilibrium. An integrated rate equation 

Ri=Ri, ~ ( 1 - e  k'~) (1) 

was fit to the data; Ri = radioactivity in the intracellular space (after correction for radioactiv- 
ity in the extracellular space of the pellet) at time t; Ri, ~=asymptotic  value of R~; 
and U = a  pseudo-first-order rate constant, which, actually, is a function of exogenous 
substrate concentration (see Wohlhueter et al., 1978). The slope of this curve at zero time 
is given by k'Rz. ~ and may be converted to appropriate dimensions, given the specific 
radioactivity of the substrate and the intracetlular space in the cell pellet. For zero-trans 
experiments with cells capable of phosphorylating thymidine, Eq. (1) does not apply, because 
radioactivity is accumulated within the cells as thymine nucleotides far above the expected 
equilibrium levels. In such experiments sampling times were adjusted to span an initial 
period where uptake was linear with time. 

Intra- and extracellular volumes contained in the cell pellets were analyzed with 3H20 
and [laC] carboxylinulin, respectively (Wohlhueter et al., 1978). All experiments were con- 
ducted at 23 to 25 ~ . 

Data Processing 

Theoretical equations (e.g., Eqs. (1) and (4) and the Michaelis-Menten equation) were 
fit to data, where indicated, by means of a generalized, nonlinear regression program 
(Dietrich & Rothmann, 1975). Values of parameters cited are those giving a minimal sum 
of squared deviations, and are reported+the standard error of the parameter estimate, 
i.e., the square-root of the variance of the given parameter. 

Chemicals 

6-([4-nitrobenzyl]thio)-9-/3-I>ribofuranosylpurine (" nitrobenzylthioinosine") was made 
available to us through the generosity of Drs. Carol Cass and Alan Paterson of the University 
of Edmonton. 2 amino-6([4-nitrobenzyl]thio)-9-/~-D-ribofuranosylpurine (NSC 49813, '~ 
nitrobenzylthioguanosine") and 2 amino-6-([2-nitrobenzyl]thio)-9-/~-D-ribofuranosylpurine 
(NSC 49814, "o-nitrobenzylthioguanosine") were obtained from the National Cancer Insti- 
tute, Bethesda, Md., under Contract NOI-CM-43784. [Methyl-'3H]thymine (50 Ci/mmol) 
was a product of Schwarz-Mann (Orangeburg, N.Y.) and [G-3H]hypoxanthine (1.8 Ci/ 
mmol) of Amersham (Arlington Heights, Ill.). [Methyl-3H]thymidine (10 Ci/mmol) was 
purchased from ICN (Irvine, Calif.); [carboxy1-1~C] carboxylinulin (2.6 Ci/g) and 3H20 
(1 mCi/g) were purchased from New England Nuclear (Boston, Mass.). Silicone oil no. 550 
was from Dow Chemical Corporation (Midland, Mich.). Other chemicals were reagent 
grade from standard suppliers. 

Results and Discussion 

Thymidine Transporters o f  Various Cell Lines Differ in Sensitivity 

to Nitrobenzylthioinosine 

W e  h a v e  k i n e t i c a l l y  c h a r a c t e r i z e d  the  n u c l e o s i d e  t r a n s p o r t  s y s t e m  

o f  N o v i k o f f  r a t  h e p a t o m a  cel ls  (R.  M a r z ,  R . M .  W o h l h u e t e r  & P . G . W .  
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Table 1. Inhibition of thymidine transport in various cell types by nitrobenzylthioinosine" 

Cell line Cell density Concentration Inhibition 
x 10- 7 of nitrobenzyl 

thioinosine 
(cells/ml) (nM) (%) 

Chinese hamster ovary 2.18 10 83 (5.2 b) 
100 90 

HeLa 1.12 10 68 (1.8 b) 
i00 77 

P388 leukemia 1.22 10 84 (7.6 b) 
100 86 

L (TK-)  2.07 10 86 (10.3 b) 
I00 88 

N1S1-67 (TK-)  hepatoma 1.23 100 4 (1.2 b) 
2.17 2000 37 (9.9 u) 

8000 53 

Initial rates of (methyl-3H) thymidine transport (zero-trans) were measured at 23 to 25 ~ 
in suspensions of various cell types, either depleted of ATP or deficient in thymidine kinase 
(TK-),  as described in Methods. Exogenous thymidine concentration was 10 gM (N1 S1-67 at 
1.23 x 107 cells/ml), 120 gM (P388 cells), or 160 gM (all others), and cells were preincubated 
for at least 2 rain with the indicated concentrations of nitrobenzylthioinosine. 
u Values in parenthesis are transport velocities in control cells expressed as pmol/gl cell 
water, sec. 

Plagemann, in preparation) and sought, as a complement to those 
studies, to probe the nucleoside carrier of these cells with nitroben- 
zylthionncleosides. Novikoff hepatoma cells proved, however, to be sin- 
gularly insensitive to nitrobenzylthioinosine (see Table 1). Ortho- and 
para-nitrobenzylthioguanosine were also only weak inhibitors of thymi- 
dine transport in Novikoff cells (data not shown), whereas in HeLa 
cells (Paterson et al., 1977b) the para compound is a potent inhibitor 
of uridine uptake. We suspect that the nitrobenzylthionucleosides may 
be simply alternate substrates for the nucleoside transporter of Novikoff 
cells. Both inosine and nitrobenzylthioinosine exhibited competitive inhi- 
bition of thymidine transport in experiments analogous to that shown 
in Fig. 4. The K i for inosine was 31 gM (Marz et al., in preparation); that for 
nitrobenzylthioinosine was 2.2 gM, as can be estimated also from the 
data of Table 1. 

Like human erythrocytes (Cass & Paterson, 1977) and MCT hamster 
fibroblasts (Eilam & Cabantchik, 1976, 1977), on the other hand, Chinese 
hamster ovary (CHO), HeLa, mouse L, and P388 murine leukemia cells 
were very sensitive to inhibition by nitrobenzylthioinosine. The dissocia- 
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tion constant for nitrobenzylthioinosine with the nucleoside carrier in 
these cells is on the order of 0.1 nM (see below). 

Studies similar to these, but employing higher concentrations of inhib- 
itor, confirmed a feature evident in Table 1, i.e., that inhibition of 

thymidine transport never exceeded about 90%. We conclude that about 
10% of thymidine entering (nitrobenzylthioinosine-sensitive)cells does 
so by a route distinct from the main nucleoside transporter. This residual 
entry component is comparable to the rate of nonmediated permeation 
of cytosine into Novikoff hepatoma cells (ca. 0.5 pmol/gl cell water, sec 
at 160 gM; see Graft, Wohlhueter & Plagemann, 1977), and may represent 
nonmediated entry of thymidine. However, preliminary experiments indi- 
cate that this component which is insensitive to nitrobenzylthioinosine, 
is partially inhibited by hypoxanthine. Transport of hypoxanthine in 
Chinese hamster ovary cells was saturable (data not shown), so that 
the possibility that thymidine enters to a minor extent via the hypoxan- 
thine transporter cannot be excluded. 

The present methodology-sampling at short intervals and the use 
of nonphosphorylating cells-assures that the inhibition observed per- 
tains to the nucleoside transport system. The uptake of thymidine, as 
measured in phosphorylating cells over longer periods of time (i.e., the 
appearance of cell-associated radioactivity comprising thymidine and met- 
abolic derivatives of it), is also depressed by nitrobeuzylthioinosine 
(Cass & Paterson, 1977). But the behavior of the overall process (trans- 

port plus metabolism) is more complex than that of transport alone, 
and the interpretations, accordingly, less straightforward. 

Nitrobenzylthioinosine Inhibits Transport of  Thymidine, 
but not Hypoxanthine or Thymine 

Initial rates of entry into CHO cells of radiolabeled thymine, hypoxan- 
thine, and thymidine are plotted in Fig. 1 against the concentration of 
nitrobenzylthioinosine with which cell suspensions had been pretreated. 
The entry of the nucleic acid bases was apparently unaffected by concen- 
trations of nitrobenzylthioinosine which curtailed entry of thymidine 
by as much as 90%. We conclude that the main route of entry of the 
bases is different from that of the nucleoside. 

Now the transport of thymidine in CHO cells is nonconcentrative, 
but saturable ( K ~  70; cf. Figs. 2 and 4). Fig. 2 shows that uridine is 
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Fig. 1. Transport of thymidine, thymine, and hypoxanthine as a function of concentration 
of nitrobenzylthioinosine. A suspension of Chinese hamster ovary cells (1.1 x l0 T cells/ml 
basal medium) was depleted of ATP by treatment with 5 mM KCN and 5 mM iodoacetate 
at 37 ~ The suspension was then divided into five flasks containing nitrobenzylthioinosine 
at a final concentration of 0, 0.3, 0.9, 2.7 or 8.1 n~, incubated >5 min at 24 ~ and assayed 
for zero-trans influx of isotopic thymidine (o -o  ; 10 .LtM, 816 cpm/pl), thymine (A- ,  ; 10 gM, 
559 cpm/gl) or hypoxanthine (m-m ; 10 IXM, 972 cpm/gl) by the rapid sampling technique 
described in Methods. During the incubation times employed, thymidine and thymine at- 
tained transmembrane equilibrium, and the corresponding initial velocities were estimated 
(see text) from the time course of approach to equilibrium; hypoxanthine did not attain 
equilibrium, and its influx was estimated from initial linear slopes. Control influxes were 
0.74, 0.16, and 0.044 pmol/gl cell water.sec, respectively, for thymidine, thymine, and 
hypoxanthine. Neither extra- nor intracellular space was affected by nitrobenzylthioinosine: 

1.2 and 7.0 I.d/cell pellet, respectively 

a compe t i t i ve  inh ib i to r  o f  t hymid ine  t r a n s p o r t  (K~=87  gM), which we 

in te rp re t  as evidence  tha t  b o t h  nucleosides  are t r a n s p o r t e d  by the s ame  

carrier .  Inos ine  also inhibi ts  t hymid ine  t r anspor t ,  t h o u g h  we have  no t  

inves t iga ted  the kinet ics  o f  this inhibi t ion.  Thus  it a p p e a r s  tha t  the thymi -  

dine t r a n s p o r t  sys tem inhib i ted  by n i t robenzy l th io inos ine  is in real i ty 

a genera l  nuc leos ide  t r anspo r t e r ,  which  func t ions  as a faci l i ta ted di f fus ion 

sys tem in C H O  cells as in e ry th rocy te s  (Oliver  & Pa te r son ,  1971), l euko-  

cytes ( T a u b e  & Berlin, 1972), and  N o v i k o f f  ra t  h e p a t o m a  cells ( P l a g e m a n n  

et al., 1976; M a r z  et al., 1977a). 
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Fig. 2. Competitive inhibition of thymidine transport by uridine. Initial velocities of thymi- 
dine transport at 23 ~ were measured in suspended, ATP-depleted, Chinese hamster ovary 
cells (1.1 x 107 cells/ml) at thymidine concentrations of 10, 20, 40, 80, 160, 320 and 640 pM 
(700 cpm/gl, irrespective of concentration), and uridine concentrations of 0 (e-e), 90 
(A A), and 180 (v - v )g~ .  Extra- and intracellular volumes in the cell pellets were 1.4 
and 6.4 gl, respectively. The values given for the Michaelis-Menten parameters, and the 
corresponding curves, are those best-fitting the set of velocity data at each inhibitor concen- 
tration. The inset shows the same data and parameters in a Lineweaver-Burk plot. Nonlinear 
regression of the pooled data on the rate equation for simple, competitive inhibition (cf 
Segel, 1975) estimated V ~t =4.4 • 2.0 pmol/pl cell water, sec, K~ = 61 • 11 gM, and K/= 
87 +_ 25 ttM (ry. ~ = 0.978). The equation for mixed inhibition did not fit the data substantially 

better (ry, p = 0.978) 

Nitrobenzylthioinosine Binds Slowly Relative to Natural Nucleosides 

The  t r a n s p o r t  o f  nucleos ides  into m a m m a l i a n  cells is a fast  process.  

F o r  example ,  the f i r s t -o rder  ra te  c o n s t a n t  for  t h y m i d i n e  en t ry  in C H O  

cells (as ca lcu la ted  f r o m  con t ro l  g r o u p  in Fig. 1) equals  0.09 sec 1; accord-  

ingly, a 2 0 %  dev ia t ion  f r o m  initial ra te  of  en t ry  ob ta ins  a l ready  at 

2.5 sec. I t  is r e a s o n a b l e  to a s s um e  tha t  m e m b r a n e  p e r m e a t i o n  is the 

ra te - l imi t ing  step in the en t ry  process ,  and  tha t  subs t r a t e -ca r r i e r  associa-  

t ion occurs  on  a mi l l i second  t ime scale. 

The  rate  at which  n i t r obenzy l th io inos ine  exerts  its inh ib i to ry  effect  

is re la t ively  slow. In  an equ i l ib r ium exchange  assay (Table  2), m a x i m a l  

inh ib i t ion  was  man i fe s t  af ter  p r e i n c u b a t i o n  for  only  0.8 m i n - t h e  shor tes t  

t ime  in which  we were able to c o m p l e t e  a t r a n s p o r t  assay  af ter  mix ing  

inh ib i to r  and  cell suspens ion .  Yet,  when  inh ib i to r  was first p resen ted  



Thymidine Transport in Ovary Cells 255 

Table 2. Rate of expression of transport inhibition by nitrobenzylthioinosine a 

Time from addition of inhibitor to completion 
of transport assay 

% Inhibition 

Simultaneous 25 
0.8 min 58 
5.3 min 65 

15 min 63 
Resuspended in medium without inhibitor 
+ 1 min 43 
+ 5 min 38 
+ 15 min 51 

a Equilibrium exchange of isotopic thymidine was measured at 24 ~ by first equilibrating 
ATP-depleted Chinese hamster ovary cells (1.3 x 10V/ml) with 83 gM thymidine, then 
incubating for various times with 1.6 nM nitrobenzylthioinosine, and finally introducing 
isotopic thymidine (8.0 cpm/pmol) at the same concentration by means of a dual syringe 
device. "Simultaneous" indicates that the nitrobenzylthioinosine was first introduced along 
with substrate. The cells remaining after 15 min incubation with nitrobenzylthioinosine 
were separated from the medium by centrifugation, resuspended in the same volume of fresh 
medium without inhibitor, and assayed again 1, 5, and 15 min later for isotope exchange. 
The rate constants for exchange were estimated from the time courses for the attainment of 
isotopic equilibrium, and amounted to 0.040 sec- 1 in control assays. The actual time courses 
of exchange in control cells and those exposed simultaneously to thymidine and inhibitor 
are presented in Fig. 3. 

to cells s imu l t aneous ly  with subst ra te ,  a p rogress ive  inh ib i t ion  o f  the 

i so tope  exchange  was evident  dur ing  the 40-sec du ra t i on  of  the equil ib-  

r i u m  exchange  e x p e r i m e n t  (see Fig. 3). This  dev ia t ion  was used to esti- 

ma te  the ra te  of  the inh ib i to ry  reac t ion  as follows. We as sume  tha t  

the ra te  cons t an t  for  exchange  [U of  Eq. (1)], is no t  cons t an t  here, 

bu t  a decreas ing  func t ion  o f  t ime o f  exposure  to n i t robenzy l th io inos ine .  

In  Fig. 3 we a l low k '  to decrease  exponen t ia l ly  with t ime f r o m  the initial 

value (0.040 sec -~)  f o u n d  for  con t ro l s  to the final value (0.015 sec 1) 

f o u n d  in this e x p e r i m e n t  for  longer  ( > 1 min)  p r e t r e a t m e n t  with n i t roben-  

zyl th io inos ine .  Empi r i ca l ly  this mode l  a c c o m m o d a t e d  the da ta  quite well, 

and  ass igned a ha l f - t ime  o f  17 sec for  the express ion  of  inhibi t ion.  Resus-  

pens ion  o f  cells in fresh m e d i u m  wi thou t  inh ib i to r  effected only a par t i a l  

a l levia t ion  of  inh ib i t ion  (Table  2). Such reversa l  as did occur ,  however ,  

was  c o m p l e t e d  also wi thin  a b o u t  1 min. 

A s imilar ly  r ap id  express ion  o f  inh ib i t ion  was obse rved  with zero-  

t rans  influx of  t hymid ine  (10 ~tM) into n o r m a l l y  p h o s p h o r y l a t i n g  C H O  

cells (da ta  not  shown).  F i f ty - two  percent  inh ib i t ion  was a p p a r e n t  af ter  
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Fig. 3. Rate of expression of transport inhibition by nitrobenzylthioinosine. Experimental 
details for this experiment are presented in the legend to Table 2. Appearance of radioactivity 
in the cell pellet, after correction for radioactivity in the extracellular space (3.0 gl of 
a total pellet space of 12.3 p.1), is plotted against time for duplicate assays without nitroben- 
zylthioinosine (e, o), and a single assay in which 1.5 nM nitrobenzylthioinosine was added 
simultaneously with [3H]thymidine (zx). Equation (1) was fit to the pooled data from 
uninhibited cells; the curve shown is for a first-order rate constant of exchange, k '=  
0.040 sec -1 (SE 0.006) and a final intracellular radioactivity of 6400 cpm/cell pellet (SE 
560). For cells in the presence of nitrobenzylthioinosine, k' of Eq. (1) was replaced by 
a time function, k'~=Uoe-i'+k'~, where U o was set equal to 0.04sec -1 and k% to 
0.015 sec 1 (the rate constant measured after long preincubation with inhibitor). The best- 
fitting value for i was 0.042 sec- 1 (SE 0.002) corresponding to a half-time of inactivation 

of 16.5 sec 

1.4 m i n  o f  p r e i n c u b a t i o n  wi th  n i t r o b e n z y l t h i o i n o s i n e  a n d  pe r s i s t ed  unti l  

120 min ,  the  last  t ime  o f  assay.  

These  d a t a  sugges t  t h a t  the  i n h i b i t o r y  i n t e r a c t i o n  o f  n i t r o b e n z y l t h i o -  

inos ine  wi th  the  t h y m i d i n e  ca r r i e r  o f  C H O  cells is p r o b a b l y  m o r e  i n v o l v e d  

t h a n  a s imple  s u b s t r a t e  : ca r r i e r  a s soc i a t i on .  The  n a t u r e  o f  t h a t  i n t e r a c t i o n  

c a n n o t  be d e d u c e d  f r o m  the  p r e se n t  da t a ,  t h o u g h  the  s tudies  o f  P i c k a r d  

etal. (1973) wi th  r a d i o l a b e l e d  n i t r o b e n z y l  nuc l eos ide s  i nd i ca t e  t h a t  

c e l l - b o u n d  i n h i b i t o r  r e m a i n s  s t r u c t u r a l l y  in tac t .  

Thymidine Interferes with the Interaction 
between Nitrobenzylthioinosine and the Nucleoside Transporter 

A n  e q u i l i b r i u m  e x c h a n g e  e x p e r i m e n t  lends  i tself  to  an  i n v e s t i g a t i o n  

o f  the  q u e s t i o n  w h e t h e r  the  p re sence  o f  n u c l e o s i d e  in te r fe res  wi th  n i t ro -  
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Table 3. ProtectiOn by thymidine against inactivation of thymidine transport by nitro- 
benzylthioinosine a 

Equilibration medium Preincubation Rate constant Inhibition 
with nitrobenzyl- of [3H] dThd (%) 
thioinosine Exchange x 10 a 

(sec ~) 

l0 pM dThd - 125 - 
+ 44 65 

1000 laM dThd - 13.9 - 
+ 8.5 39 

10 pM dThd+1000 ~M Thy - 94.9 - 
+ 29.7 69 

a Samples of a suspension of ATP-depleted, Chinese hamster ovary cells (1. l • 10 v cells/m1) 
were mixed with nonradioactive thymidine and/or thymine at the concentrati6ns indicated, 
and incubated at 24 ~ sufficiently long (between 8 and 30 rain) to equilibrate these components 
across the cell membrane. The equilibrated mixtures were divided, and one part was treated 
with 2 nM nitrobenzylthioinosine for an additional 8 to 12 min. Isotopic exchange was 
initiated by addition of [3H] thymidine (675 cpm/pl final solution) to the extracellular space, 
and followed from 2.5 to >90 sec by means of the rapid sampling technique described in 
Methods. Rate constants for the attainment of isotopic equilibrium were computed by non- 
linear regression techniques. Values are the means of duplicate runs, with an average 
deviation of _+ 5%. 

benzy l th ionuc leos ide  binding,  since this exper imenta l  design requires  

p re incuba t ion  of  cells with nonrad ioac t ive  substrate.  Table  3 repor ts  the 

results o f  such an exper iment .  C H O  cells equi l ibra ted  with 10 gM thymi-  

dine (K~-~ 70 gM) and subsequent ly  exposed  to 2 nM n i t robenzy l th io ino-  

sine were inhibi ted 65% in isotopic  exchange.  Cells exposed  to n i t roben-  

zy l th io inos ine  in the presence o f  1000 pM thymid ine  were inhibi ted only  

39%. In cont ras t ,  1000 I-tM thymine ,  which is no t  a subs t ra te  for  the 

nucleoside  t r anspo r t e r  and whose t r anspor t  is not  inhibi ted by n i t roben-  

zyl th io inos ine  (see above), did no t  p ro tec t  against  inhibi t ion (69%). Thy-  

mine  itself, however ,  weakly inhibi ted thymid ine  t ranspor t .  

The  pro tec t ive  effect  o f  thymid ine  evident  in this equ i l ib r ium exchange  

exper imen t  is mos t  apprec ia ted  in cont ras t  to the results o f  zero- t rans  

exper iments ,  in which exposure  to n i t robenzy l th io inos ine  necessari ly pre- 

cedes (or  accompanies )  exposure  to substra te  thymidine .  F r o m  the kinetic 

cons tan ts  given in the legend to Fig. 4 (and discussed below),  we calculate 

tha t  the zero- t rans  influx o f  thymidine  at 10 gM would  be inhibi ted 68% 

by 2 nM n i t r o b e n z y l t h i o i n o s i n e - e q u i v a l e n t  to the percent  inhibi t ion mea- 

sured  in equ i l ib r ium exchange  (Table  3). At  1000 ta~ thymid ine  we expect  
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Fig. 4. Noncompetitive inhibition of thymidine t r a n s p o r t  by nitrobenzylthioinosine. Initial 
velocities of thymidine transport at 23 ~ were measured in suspended, ATP-depleted, Chinese 
hamster ovary cells (1.7 x 107 cells/ml; 6.8 gl/107 cells) at thymidine concentrations of 10, 
20, 40, 80, 160 and 320 gM (770 cpm/gl, irrespective of concentration), and nitrobenzylthio- 
inosine concentrations of 0 (o-e) ,  0.04 (A-A), 0.2 ( ,  T), and 0.9 (I-m)nM. Cells were 
preincubated with inhibitor for >2 min before introduction of substrate [3H]thymidine. 
The curves shown are those for the Michaelis-Menten parameters best-fitting the set of 
velocity data at each inhibitor concentration. Nonlinear regression of the pooled data 
on the rate equation for simple, noncompetitive inhibition (of Segel, 1975) estimated V~'= 
4.7_+0.2pmol/gl cell water-sec, U,~=76_+7 gg, and Ki=l.0+_0.1 nM (ry, p=0.991). The 

equation for mixed inhibition did not fit the data substantially better (ry. i =0.992) 

67% inhib i t ion  in zero- t rans ,  bu t  measure  only 39% with equi l ib r ium 

exchange.  Thus  the a p p a r e n t  pa t t e rn  and  extent  of  inhib i t ion  by n i t roben-  

zy l th io inos ine  depends  on  the o rde r  o f  add i t ion  o f  subst ra te  and inhibi tor .  

We in te rpre t  thymid ine  p ro t ec t ion  to mean  tha t  at least one  stage 

of  the in te rac t ion  be tween n i t robenzy l th io inos ine  and  the thymid ine  car- 

rier involves recogni t ion  of  inh ib i tor  by the nucleos ide  b inding  site. It 

is in this sense an aff ini ty label for  the nucleoside  carrier.  Whether ,  

in the final  stage of  in te rac t ion  it still occupies  the nucleoside  b inding 

site (and thus renders  the carr ier  nonfunc t iona l )  is no t  establ ished.  Such 

a model  is, however ,  consis tent  with all our  data,  and is f av o red  by 

US. 

Inhibition by Nitrobenzylthioinosine Affects V zt, not K~ t 

The da ta  summar i zed  in Fig. 4 c o n f o r m  to the pa t t e rn  of  simple, 

nonc ompe t i t i ve  inhibi t ion,  as def ined for  enzyme  systems (Cleland,  1963)' 
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nitrobenzylthioinosine diminishes the maximum velocity of thymidine 
transport, but not the effective K~. At first glance this may seem contra- 

dictory to our previous conclusion that nitrobenzylthioinosine binds at 
the substrate binding site. The contradiction is resolved when one consid- 
ers that the inhibitor binds virtually irreversibly, i.e., that the rates 
at which its ultimate, inhibitory effect is attained or reversed are much 
slower, and its affinity much greater, than the rates of thymidine interac- 

tion with and affinity for the nucleoside carrier. 
These results are just opposite of those reported by Eilam and Ca- 

bantchik (1977) and by Paterson and coworkers (Cass & Paterson, 1977; 

Paterson etaI . ,  1977a; Paterson etal . ,  1977b), all of whom observe 
competitive inhibition of uridine, thymidine, and adenosine uptake 
by nitrobenzylthioinosine. The difference in kinetic patterns of inhi- 

bition, we believe, stem directly from the difference between uptake 
and transport. When we measure uptake of thymidine into CHO, HeLa, 
Novikoffrat  hepatoma (Plagemann et al., 1975), or mouse L ceils (Plage- 
mann et al., 1976), we observe uptake Km's of 0.5 to 2.0 ~ ,  comparable 
to that (0.5 ~tM) reported by Cass and Paterson for HeLa cells (1977). 
When, instead, we measure transport in these cells (Wohlhueter et al., 

1976; and Figs. 2 and 4), we observe zero-trans Km's of about 70 ~tM. 
Furthermore, we have demonstrated for thymidine in Novikoff cells 

(Marz et al., 1977b) that transport is much more rapid than intracellular 
phosphorylation, so that the kinetic behavior of uptake must reflect 
predominantly phosphorylation. For this situation, consider the conse- 
quences of treatment with an inhibitor which acts only by diminishing 
the rate of transport. If substrate concentration is varied only within 
the first-order range with respect to transport (i.e., [dThd] __< ca. 30 gM), 
the influence of an inhibitor-caused decrease in the effective first-order 
rate constant of transport on overall uptake can be overcome by increas- 

ing the substrate concentration. That is tantamount to competitive inhi- 
bition of uptake, although the inhibitor has altered only the rate of 
tr~ansport, not the affinity of the transport carrier for its substrate, Fig- 
ure 5 presents a computer simulation of this situation. 

Thymidine Carriers may  be 7)'trated with Nitrobenzylthioinosine 

During the course of these experiments we had observed that, at 
low nitrobenzylthioinosine concentrations, the extent of transport inhibi- 
tion depended upon cell density as well as nitrobenzylthioinosine concen- 
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Fig. 5. Computer simulation of transport and phosphorylation operating in tandem. As 
a simple model we take 

e Sout~ Sin --~ S - -  P i 

in which reaction '" t"  is a symmetrical, facilitated transport system, operating bi-direction- 
ally (Keq= 1) with Michaelis-Menten parameters K~,, and V'. Reaction " e "  is an irreversible 
kinase, operating with K~ and V% and whose product S - P i  is trapped within the intracellu- 
lar compartment. Solution for the steady-state concentration Sin in terms of these kinetic 
parameters gives 

aSi~ + bSin + c=O 
where 

and 

a = - V ~ I C , .  - V e K ' . ,  - V e Sout 
= V ~ Km K,. Km V - -  V e Ktm S o u  t b V'K~mSout- e ~ t~ 

c=  V' K~m K,~,, So,,. 

In this Lineweaver-Burk simulation the reciprocal of the velocity of the enzymatic reaction 
normalized to the maximal enzyme velocity (V~/v e) is plotted against the reciprocal of 
the exogenous substrate concentration (1/Sour) for 0.1 < Sou t < 10. K~ is fixed at 80 (compara- 
ble, in gM, to Km of thymidine transport);/~,,, is fixed at 0.5 (comparable to Km of thymidine 
uptake) ; and V ~ is fixed arbitrarily at 0.004. The four curves represent decreasing velocities 
of transport (V'= 1, 0.6, 0.3, 0.1) at constant K~, simulating addition of a transport inhibitor 
which affects only transport velocity, not transport K,n. Data falling on these curves might 
be construed, fallaciously, to represent competitive inhibition of a transport system operating 
with K, ,=I ,  if transport were thought to be limiting, and if measurements were made 
over a time interval in which the rate of accumulation of S - P i  was equivalent to the 

rate of uptake, i.e., where Sin was in steady-state 

t r a t i o n .  T h i s  o b s e r v a t i o n  s u g g e s t e d  t h a t  t h e  c o n c e n t r a t i o n  o f  b i n d i n g  

s i tes  a n d  i n h i b i t o r  w e r e  c o m p a r a b l e ,  a n d ,  a c c o r d i n g l y ,  t h a t  S c a t c h a r d  

a n a l y s i s  m i g h t  be  f e a s i b l e .  In  l ieu o f  r a d i o l a b e l e d  l i g a n d ,  we  m e a s u r e  

b i n d i n g  si te  s a t u r a t i o n  i n d i r e c t l y  b y  a s s u m i n g  t h a t  f r a c t i o n a l  s a t u r a t i o n  
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is equal to fractional inhibition of transport  velocity, i.e., that the fraction- 
al inhibition (i) equals concentrat ion of bound ligand (Lb) divided by 

concentrat ion of  binding sites (B), i = L b / B .  Substituting this relationship 

into the Scatchard equation (Segel, 1975), 

L b L b B 

Lr  K d + K e (2) 

and noting that B=cel l  density (D, in cells per liter) times the number 
of binding sites per cell (Nb) divided by Avogadro's  number  (NA) and 
that total concentration of ligand, L t =Lb +LI, allows one to write the 
following equation 

0 = ( D N b / N A )  i 2 + ( - L t - D N b / N  A - Kd) i + L t. (3) 

The solution of Eq. (3) by means of the quadratic equation gives i 

as a function of total ligand concentration, celt density, and the binding 
parameters Ke and Nb, 

i -  (L, + D N b / N  a + Kd) +_ [(L t + D N b / N  A + Kd) 2 -- 4 (L tDNb/NA)  ] 1/2 

2 D N J N  A 
(4) 

The negative square root  term proves to correspond to physically mean- 
ingful i's. Figure 6 represents the results of  an experiment in which 
fractional inhibition was measured at various cell densities (D varied 
between 0.8 and 3.7 • 101~ cells/liter at constant L t = t x 10- 9 M nitroben- 

zylthioinosine) or at various inhibitor concentrations (Lt varied between 
0.27 and 1.3 x 10 -9 M at constant D = l . 1 3  x 10 l~ cells/liter). Equation 
(4) was fit to these data by a nonlinear regression program, which con- 
verged at the values K ~ - - 8 . 2 x l O - 1 1 ( + 6 . 5 x l O - 1 1 )  M and Nb= 

6.3 • 104(_+0.9 x 10g)binding sites per cell. 
We construe this number,  6.3 x 10 g sites/cell, as the number of broadly 

specific nucleoside transporters in the CHO cell membrane.  It closely 
approximates the number  of  nitrobenzylthioinosine binding sites attribut- 
ed by Eilam and Cabanchik (1977) to hamster fibroblasts (about 8 x 104 
per cell), on the basis of  inhibition of uridine uptake. Pickard et  al. 

(1973) estimated that about 10 a sites on the erythrocyte membrane bind 
radiolabeled nitrobenzylthioinosine. Our estimate of the dissociation con- 
stant Kd=0.1 nM is about one tenth that by Pickard e t a l .  (1973) and 
Eilam and Cabanchik (1977). 

The apparent inconsistency between our estimate of Kd and of K~ 
for noncompetitive inhibition (see Fig. 4) may be rationalized as follows. 
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Fig. 6. Titration of nucleoside carrier sites with nitrobenzylthioinosine. A suspension of 
ATP-depleted, Chinese hamster ovary cells was divided and diluted so that one series 
of six tubes contained 1 nM nitrobenzylthioinosine and from 3.74 to 0.79 x 101~ cells/liter 
(data in panel A), and another series of eight tubes contained 1.13 • 10 l~ cells/liter and 
from 0 to 1.31 nM nitrobenzylthioinosine (data in panel B). Transport of [3H]thymidine 
(10 ~tM, 71 cpm/pmol) was measured into cells from each tube, and initial velocities computed 
from the rate of approach to equilibrium. Initial transport velocity in duplicate control 
tubes (1.13 x 10 l~ cells/liter and no inhibitor) were 0.84 and 0.82 pmol/I-tl cell water.sec. 
The lines drawn are for the binding Eq. (4) (given in the text), where Kd=8.2x 10-11 M 
and Nv=6.3 x 104 binding sites per cell. The shaded areas correspond to +0.9 x 104 binding 

sites per cell, the SE or estimate of N b 

The  de r iva t i on  of  ra te  equa t ions  for  e n z y m e  inh ib i t ion  a s sume  tha t  the 

c o n c e n t r a t i o n  of  free inh ib i to r  is not  s ignif icant ly  d i f ferent  f r o m  tha t  

o f  to ta l  inhibi tor .  This  is man i fes t ly  no t  the case for  the e x p e r i m e n t  

s h o w n  in Fig. 4. Us ing  the d i s soc ia t ion  c o n s t a n t  and  n u m b e r  of  b ind ing  

sites e s t ima ted  here,  we can  c o m p u t e  the c o n c e n t r a t i o n s  of free n i t roben -  

zy l th io inos ine  p resen t  in the e x p e r i m e n t  of  Fig. 4 c o r r e s p o n d i n g  to the 

to ta l  c o n c e n t r a t i o n s  e m p l o y e d  and  the cell density.  F o r  to ta l  concen t r a -  

t ions  0.04, 0.2, and  0.9 nM, the c o m p u t e d  free c o n c e n t r a t i o n s  are 

2.05 x 10 3, 1.14 x 10 -2,  and  9.03 x 10 2 nM, respect ively.  F i t t ing  the 

e q u a t i o n  for  s imple,  n o n c o m p e t i t i v e  inh ib i t ion  to the da ta  o f  Fig. 4 us ing 

these c o n c e n t r a t i o n s  of  free inh ib i to r  yields a Ki = 0.11 riM. Thus  cor rec t -  

ed, our  values  of  Kd and  K / b e c o m e  vi r tua l ly  identical .  

T a k i n g  a m a x i m a l  veloci ty  of  t h y m i d i n e  t r a n s p o r t  into C H O  cells 

at 4.7 pmol/lal  cell w a t e r . s e c  (see Fig. 4) and  a cel lular  v o l u m e  o f  

7 x 10-  ~ gl/cell,  the abso lu te  f lux per  carr ier  unde r  s u b s t r a t e - s a t u r a t i n g  

ze ro - t r ans  cond i t ions  is a b o u t  31 t h y m i d i n e  mo lecu le s / ca r r i e r ,  sec. 
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