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Summary 

The transport of thymidine has been characterized kinetically and thermo- 
dynamically in Novikoff rat hepatoma cells grown in culture and, less exten- 
sively, in mouse L cells, Chinese hamster ovary cells, P388 murine leukemia 
cells and HeLa cells. That the characterizations pertained to the transport 
system per se was ensured, (i) by employing recently developed methods for 
rapid sampling of cell/substrate mixtures in order to follow isotope movements 
within a few seconds after initial exposure of cells to substrate; (ii) by utilizing 
cells rendered, by genetic or chemical means, incapable of metabolizing 
thymidine; and, (iii) by demonstrating conformity of the transport data to an 
integrated rate equation derived for a simple, carrier-mediated system. The 
results indicate that thymidine is transported into mammalian cells by a func- 
tionally symmetrical, non-concentrative system for which the carrier : substrate 
dissociation constant ranges from about 100 pM in Chinese hamster ovary cells, 
to 230 #M in Novikoff hepatoma cells. In all cell lines investigated, the velocity 
of transport was sufficient to nearly completely equilibrate low concentrations 
of thymidine across the membrane within 15 s. Temperature dependence of 

A b b r e v i a t i o n :  C H O  cells,  Ch inese  h a m s t e r  o v a r y  cells.  We f o l l o w  t h e  n o m e n c l a t u r e  a n d  s y m b o l s  o f  E d a m  
a n d  S t e m  [ 5 ] .  'Zero-trans' ( d e s i g n a t e d  z t  m s u p e r s c r i p t s )  r e f e r s  t o  t h e  t r a n s f e r  o f  s u b s t r a t e  f r o m  side 1 o f  
t he  m e m b r a n e  (= o u t s i d e )  t o  s ide  2 ( t he  'trans' s ide) ,  a t  w h i c h  c o n c e n t r a t i o n  o f  s u b s t r a t e  is,  o r  is a s s u m e d  
t o  be ,  ze ro .  ' E q u i l i b r i u m  e x c h a n g e '  ( d e s i g n a t e d  ee) r e f e r s  t o  i s o t o p i c  e x c h a n g e  a c r o s s  t h e  m e m b r a n e  w h e n  
t h e  c h e m m a l  c o n c e n t r a t i o n  o f  s u b s t r a t e  is e q u a l  o n  b o t h  s ides .  'Infirdte-frans' ( d e s i g n a t e d  i t )  r e f e r s  to  t h e  
f lux  o f  t s o t o p e  f r o m  o n e  s ide  o f  t he  m e m b r a n e  a t  l o w  c o n c e n t r a t i o n  o f  substrate t o  t he  'trans" s ide  a t  
s a t u r a t m g l y  hxgh c o n c e n t r a h o n .  T h e  o r d e r  o f  n u m e r i c a l  s u b s c r i p t s  i nd i ca t e s  t h e  d i r e c t i o n  o f  m e a s u r e d  
f low,  e .g.  1 2  m d m a t e s  f r o m  o u t s i d e  t o  ins ide .  
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transport velocity and substrate : carrier dissociation were continuous (EA = 
18.3 kcal/mol, A/-/°' = 9.3 kcal/mol, respectively), and showed no evidence of 
abrupt transitions. Several natural and artificial nucleosides and nucleic acid 
bases inhibited influx of radiolabeled thymidine, apparently by competing with 
thymidine for the transport carrier. 

Introduction 

Mammalian cells grown in culture rapidly incorporate exogenous purine and 
pyrimidine nucleosides via a variety of salvage pathways. Incorporation is a 
complex process involving, in its simplest version, transport of the nucleosides 
across the cell membrane, multiple phosphorylations resulting in its entry into 
cellular nucleotide pools, and finally polymerization into nucleic acid. With 
certain nucleosides the process becomes more ramified, as phosphorolysis or 
deamination compete with phosphorylation. Even so, the rates of incorpora- 
tion of several nucleosides into total cellular material have been observed to 
obey simple Michaelian kinetics, suggestive of a single, saturable, rate-deter- 
mining step in the overall process. 

Recently we have developed methodology which allows us to distinguish 
kinetically the transport step from subsequent metabolic steps [1,2]. Using 
rapid mixing techniques similar to those of the stop-flow kineticist, we can fol- 
low the progress of substrate permeation and intracellular metabolism at 
intervals as short as 1 s. Initial explorations with this methodology have made 
two points: (i) the kinetic behavior of the nucleoside transporters is un- 
ambiguously different from that of the nucleoside incorporation systems, and 
(ii) free nucleoside equilibrates rapidly (within seconds at concentrations below 
the K m of transport), while the slower phosphorylation of intracellular 
nucleoside determines the long-term rate of incorporation [3,4]. 

The transport step revealed by these methods is most advantageously assayed 
in cells incapable of metabolizing a given nucleoside substrate, as, for example, 
in mutants deficient in a particular nucleoside kinase, or in cells depleted of 
ATP. The advantage in using a non-metabolizing system is that the entire time 
course of the attainment of transmembrane equilibrium (the duration of which 
may be less than 15 s) can be followed; the data thus obtained can be analyzed 
in terms of integrated rate equations to yield considerable information on the 
mechanism of transport. 

Previously we have evaluated such time courses by means of the integrated 
form of a first-order rate equation, which (for reasons elaborated in Ref. 2) can 
only approximate initial velocities of substrate entry. Now we have developed 
computational procedures by which exact, integrated rate equations derived 
for various carrier-mediated transport models can be fit directly, without 
logarithmic transforms, to zero- trans  influx data. 

The combination of rapid mixing/sampling techniques with integrated rate 
analysis has made it technically possible to characterize nucleoside transport 
per se in cultured mammalian cells, without interference from metabolic 
events. We believe that such a characterization is also scientifically expedient, 
since much of the literature on the 'transport' of nucleosides and nucleic acid 
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bases into cultured mammalian cells is predicated on the assumption that the 
transport step is rate determining for the incorporation of these substances into 
total cellular material. This assumption is not generally true [3,4,6,7], and 
recent work shows that it may be the exception, rather than the rule. 

We have taken this combined approach to a kinetic analysis of thymidine 
transport in five cell lines. For one of these cell lines, Novikoff rat hepatoma, 
we have extended the kinetic studies to include also isotopic exchange across 
the cell membrane and the temperature dependence of both influx and 
exchange reactions. Furthermore, we present evidence for an apparently broad 
specificity of the thymidine transporter, based on the inhibition of influx of 
radiolabeled thymidine in the presence of various, non-labeled nucleosides and 
nucleic acid bases. 

Materials and Methods 

Cells and cell culture. Novikoff rat hepatoma cells (NIS1-67} and mouse L 
cells were propagated in Swim's medium 67 and enumerated with a Coulter 
counter as described previously [8,9]. A thymidine kinase-deficient subline of 
Novikoff cells (1-4-14) was isolated in the same manner as described for subline 
1-4-8 [10]. A thymidine kinase~leficient subline of mouse L cells, first isolated 
by Kit et al. [11], was kindly supplied by Dr. W. Munyon. Mouse leukemia 
P388, human HeLa and Chinese hamster ovary cells (CHO) were propagated in 
suspension culture in Eagle's minimal essential medium with spinner salts 
supplemented with non-essential amino acids and 10% (v/v) fetal calf serum. 

Chemicals. Radiochemicals were obtained from the following sources: 
[methyl-3H]thymidine (10 Ci/mmol) from ICN (Irvine, CA); [carboxy-~4C] - 
carboxylinulin (2.6 Ci/g) and 3H20 (1 mCi/g} from New England Nuclear 
(Boston, MA). Natural nucleosides, halogenated derivatives, purine riboside, 
6-mercaptopurine riboside and 6-methylmercaptopurine riboside were ob- 
tained from Sigma Chemical Co. (St. Louis, MO). 2',3',5'-Trideoxythymidine 
and 2',3',5'-trideoxyadenosine were synthesized [ 12] by Dr. Harry Hogenkamp 
of the University of Minnesota. 6-([4-nitrobenzyl]thio}-9-/]-D-ribofuranosyl- 
purine was supplied to us by Drs. Carol Cass and Alan R.P. Paterson of the Uni- 
versity of Edmonton. Number 550 silicone fluid was purchased from the Dow- 
Coming Corp. (Midland, MI). Other chemicals were reagent grade from stan- 
dard suppliers. 

Transport assays. Cells were collected from exponential phase cultures by 
centrifugation at 400 X g for about 2 min, and suspended to a concentration of 
1.5--3 • 107 cells/ml in glucose-containing basal medium (BM42B; Ref. 13). 
Alternatively, cells were resuspended in glucose-free basal medium (BM42A) 
supplemented with 5 mM KCN and 5 mM iodoacetate, and incubated at 
37°C for 10 min to deplete them of ATP [10]. Cells suspended in BM42B 
retained their transport characteristics 3 h or more; cells depleted of ATP were 
more fragile and were used within 1 h [2]. 

The rapid kinetic technique for transport measurements has been described 
in detail elsewhere [2]. In brief, 448 pl of a suspension of cells were rapidly 
mixed with 61 pl of a solution of radioactive thymidine at short time intervals 
by means of a hand-operated, dual syringe apparatus. The mixtures emerging 
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from the mixing chamber were dispensed into 12 tubes mounted  in an 
Eppendorf  model  3200/30 microcentrifuge (Brinkmann Instruments, Westbury, 
NY). The tubes contained 100 pl of  an oil mixture consisting of  84 parts 
silicone fluid No. 550 to 16 parts light mineral oil, by weight (final density = 
1.034 g/ml). After  the last sample had been mixed, the centrifuge was started, 
and within an estimated 2 s the cells had entered the oil phase thus terminating 
transport.  When more than 12 sampling times were required, or for sampling 
times in excess of  2 min, cells and substrate were mixed in the same propor- 
tions as provided by  the mixing apparatus, and 509-pl samples were removed 
at appropriate times and centrifuged through oil. 

After centrifugation the supernatant medium was aspirated. The upper part 
of  the tube  was washed once with water, which was subsequently removed 
together with most of  the oil. 0.2 ml of  0.5 N trichloroacetic acid was added to 
the tube,  and immediately vortexed to disperse the pellet. After 30 min of  
incubation at 70°C the entire tube  and its contents  were transferred to a vial 
containing 8 ml of  a modified Bray's solution [8] and analyzed for radioactiv- 
ity in a liquid scintillation spectrometer.  If not  specified otherwise, cell suspen- 
sions, substrate solutions and apparatus were at ambient temperature,  23--  
25 ° C. To s tudy temperature dependence of  transport,  apparatus and solutions 
were kept  in a thermostated compartment ,  and thermally equilibrated at the 
temperature indicated. 

Total water space and extracellular space in cell pellets obtained by  centri- 
fuging cells through the oil phase were determined in parallel runs in which 
substrate was replaced by  [14C]carboxylinulin in 3H20. All uptake data were 
corrected for substrate radioactivity in the extracellular space of  the cell 
pellets, and normalized to rates/pl cell water. As indicated in Table I, intra- 
and extracellular space varied with cell line, but  both  were proportional to cell 
number,  and the extracellular space was <25% of total  water space in the 
pelleted cells. 

T A B L E  I 

E X T R A -  A N D  I N T R A C E L L U L A R  SPACES OF V A R I O U S  C E L L  TYPES  A F T E R  C E N T R I F U G A T I O N  
T H R O U G H  S I L I C O N E  OIL  

E x p o n e n t i a l l y  g rowing  cells were  suspended  in basal  m e d m m  42B at  a p p r o x i m a t e l y  108 cel ls /ml ,  arid five 
d i lu t ions  were  p r epa red  cover ing  a 20-fo ld  range .  The  cells were  t h e n  m i x e d  wi th  [carboxy -14C]carboxyl- 
inul in and 3 H2 O, equ i l ib ra ted  for  a b o u t  2 m m ,  and  c e n t r i f ug ed  t h ro u g h  sil icone oil, as desc r ibed  in Mate-  
t ena l s  and  Methods .  Cel l-associated r ad ioac t iv i ty  was  d e t e r m i n e d  by  dua l -channe l  sc int i l la t ion coun t ing ,  
and  the  da t a  were  a n a l y z e d  b y  l inear  regress ion o f  inul in  and  w a t e r  space as a func t i on  of  the  n u m b e r  of  
cells in the  pellet .  V o l u m e s / 1 0 6  cells are f r o m  the  slopes of  the  regress ion lines _+ the  s t a n d a r d  e r ro r  of 
those  slopes. T he  regxession hnes  passed,  wi th in  the  1Lmlts of  confidence0 t h r o u g h  or  s l ightly b e lo w  the  
origin. Typ ica l  ex t race l lu la r  and  ln t raee l lu la r  spaces  in Chinese h a m s t e r  ovary  cell pel lets  we re  0 .28  
and  1.3 p l / 10  ° cells, r e spec t ive ly ,  and m H e L a  cell pel lets ,  0 .37  and 1.9 p l /106  cells, a l t h o u g h  we have  
n o t  assayed serial d i lu t ions  o f  these  two  cell lines. 

Cell t y p e  In t raee l lu la r  space  Ext race l lu la r  space 
(#1/10 6 cells) 

p l / lO  6 cells % o f  to t a l  

N1S1-67 ,  N o v i k o f f  ra t  h e p a t o m a  
L ceils, m o u s e  f ibroblas t  
P388 ,  m o u s e  l e u k e m i a  

1 . 3 6 ± 0 . 0 1  0 . 2 4 ± 0 . 1  14.8 
2 . 3 1 ± 0 . 0 7  0 . 4 1 ± 0 . 1  15.2 
0 . 9 5 ± 0 . 0 3  0 . 3 0 ± 0 . 0 2  24.2 
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Integrated, zero-trans rate equations. Eilam and Stein [5] have derived a 
general rate equation for a simple, carrier-mediated, non-concentrative trans- 
porter. We have previously noted [2] that  for influx of substrate f rom an 
infinitely large pool into a cell this rate equation may be integrated over t ime 
and rearranged in the form of  an implicit function with respect to intracellular 
concentrat ion:  

S2t=' SlIl--exp(-t-f2(S' 'S:t)fl(S1) ' )1 (1) 

where S2.t, concentrat ion of substrate on side 2 of  the cell membrane (for our 
purposes, the inside) at t ime t ($2,0 = 0); $1, substrate concentrat ion on side 1 
(outside) and is taken as constant;  and f, and f2 are functions of  various kinetic 
parameters, and are defined in Eqns. 3 and 4. If  f2 is neglected (in fact, f2 -~ 0, 
as t -~ 0, and becomes constant as t -* oo), Eqn. 1 becomes equivalent to the 
integrated equation of a first~)rder reaction: 

$ 2 ,  t -~ S 1 [1 -- exp(--k ' t)]  (2) 

where k ' =  1/f,. When S~ < <  K~2 t, f2 is indeed insignificant, so that  Eqn. 2 
describes the influx of substrate under this condition; this, of  course, is the 
condit ion in which influx is first order with respect to substrate concentrat ion.  

In view of  the rapidity of  nucleoside influx into mammalian cells, it is 
advantageous (and in our experience practically essential) to compute  initial 
velocity of  transport  f rom the time course of  appearance of  substrate intra- 
cellularly by means of  such integrated equations. For the sake of mathematical  
simplicity, we have previously employed Eqn. 2 to estimate initial velocities of  
transport  [1,14], though it has become clear that  neglect of  the f2 term leads to 
a progressive underest imation of initial velocity as exogenous substrate con- 
centrat ion increases above the  Michaelis-Menten constant  for transport  (see 
Results). In this paper we have used exact equations in the form of Eqn. I to 
estimate initial velocities from the  t ime course of approach to transmem- 
brane equilibrium. Solution of  such equations requires iterative techniques and 
are practicable only with a computer 's  aid. We have set S2.t on the right-hand 
side of  Eqn. 1 initially to zero, solved for S:,t, and reset S2,t (right-hand side) at 
this new value and solved again. Iteration was continued until S2,t on the left- 
and right-hand sides were equal to within 12 digits. The value for S2,t thus ob- 
tained uniquely satisfies the equation. 

Degree o f  symmetry in transport models. In the nomenclature of Eilam and 
Stein [5] functions f, and f: in Eqn. 1 are: 

fl(Si) = KRoo + R12S1 + R:,S,  + S:IRee/K (3) 

and 

f:(S,, S:,t) = (R:, + R e e S l / K ) S 2 ,  t (4) 

where K is substrate : carrier dissociation constant and is related to the Michaelis- 
Menten constants apparent in various experimental protocols by ratios of 
appropriate R terms; the  R terms are resistance factors, proportional to the 
times of  a round-trip for the carrier in one of four modes: (i) loaded on the 
inbound trip and empty  on the outbound (R,:);  (ii) empty  on inbound and 
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loaded on outbound (R21); (iii) empty in both directions (R00), or (iv) loaded in 
both directions (Ree). Necessarily R00 + Ree = R12 +R21. The reciprocals of 
R terms are equal to the corresponding maximal velocities; for example, the 
maximal velocity of zero-trans influx = 1/~ t = 1/R12, and the maximal velocity 
of equilibrium exchange of isotopic substrate = l ~ = 1/Re~. 

Functional symmetry of the carrier is manifest as equivalence of various R 
terms. If carrier movement is indifferent with respect to direction ('in/out 
symmetry'),  R~2 = R2~. If the loaded carrier moves as rapidly as the unloaded, 
Ree = R00. One can impose such symmetry constraints on the solution to 
Eqn. 1 with the effect of reducing the number of kinetic parameters to be fit to 
a given set of data. Once the values for K and the R parameters are obtained by 
least-squares fitting procedures, initial velocities may be calculated according to 
Eilam and Stein's differential rate equation with $2 = 0 (written here in the 
form of the Michaelis-Menten equation): 

V~ t = S1//~ 12 (5 )  
KRoo/R,2 + S, 

Equilibrium exchange and infinite-trans protocols. To measure the rates of 
isotope exchange in the absence of net flux ('equilibrium exchange'), thymidine 
kinase-less cells were preincubated with the desired concentration of unlabeled 
thymidine. Samples of this suspension were then mixed, as described above, 
with thymidine at the same concentration, but tritiated. The appearance of 
radioactivity in the sedimented cells corresponds to a change of specific radio- 
activity in intracellular thymidine, and is described as a function of time by 
Eilam and Stein [5]: 

N2, t=N2~ 1 - - e x p  K ~ e + S  (6) 

where N2,t, intracellular radioactivity at time t, and is proportional to the 
specific radioactivity of intracellular substrate; N2~ = N~ = radioactivity/equiv- 
alent volume of medium; S, concentration of substrate, and K ee and V ~ are 
the apparent Michaelis-Menten constants for equilibrium exchange. Eqn. 6 is 
made formally identical to Eqn. 2 by substituting v e e / ( K  ee + S)  = k ' .  K ee and 
Y ee were evaluated by replots of k' versus S, fit by the least-squares procedure. 

An 'infinite-trans' experiment involves countertransport of exogenous radio- 
labeled substrate at a given concentration against non-labeled substrate present 
intracellularly at very high concentration. Dual syringe methodology is not well 
suited to an infinite-trans protocol. Instead, cells were preloaded with 10 mM 
thymidine for 30 min. The equilibrated cells were then collected by centrifuga- 
tion and washed rapidly in basal medium at 0°C by resuspension and centrifuga- 
tion. The cells were then resuspended to their original density in medium con- 
taining varying concentrations of labeled substrate. At various times of incuba- 
tion, duplicate 0.5 ml samples were layered over oil and centrifuged in an 
Eppendorf centrifuge. The initial rate of entry of labeled substrate was esti- 
mated graphically from the initial linear portion of the uptake curve. Apparent 
Michaelis-Menten parameters were estimated for plots of initial entry rates 
versus concentration of labeled substrate. 

Statistical treatment o f  data. Eqn. 1, with appropriate symmetry constraints, 
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has been fit by  the methods of  least-squares to pooled data comprising mea- 
sured intracellular substrate concentrations (S2.t) at 12 or more times (t) for 
each of  several exogenous substrate concentrations ($1). Since we use equal 
radioisotope concentrat ion irrespective of  total  substrate concentration,  we 
consider data collected at low substrate concentrations to be as reliable as those 
at high concentrations.  For  purposes of least-squares fitting, this judgement  is 
accommodated  by  weighting the data as the reciprocal of  substrate concentra- 
tion. 

The standard error of  estimate for any given kinetic constant  was computed  
from the variances and covariances of  the best-fitting K and R parameters in 
Eqn. 1 as outl ined by  Cleland [15].  Kinetic constants are expressed + S.E. 

The significance of  the improvement  in fit achieved by removing symmetry  
constraints was evaluated by an F-test as described by Pollard [16].  

In some instances initial zero-trans velocities had to be estimated from influx 
data at a single concentrat ion of  substrate. As a rule, the iterative least-squares 
computa t ion  converged in these instances only if all R values of  Eqns. 3 and 4 
were set equal (the justification for this constraint is discussed below),  and if 
either the R parameter or K was fixed at a known value. For  example, the 
velocities reported in Table VI were obtained by fixing the value of  R in the 
presence of  inhibitor to  that  found in the absence of  inhibitor. The initial zero- 
trans velocities of  Fig. 5 were computed  with K fixed at values interpolated 
from Table IV. In fact, the initial velocities so calculated are relatively insensi- 
tive to the value at which a parameter  is fixed. In the latter example, doubling 
the value at which K was fixed decreased the calculated initial velocities by 
~25%. 

All computations reported here were carried out on a Hewlett-Packard 
(Loveland, CO) 9825A desktop computer equipped with a 9871A printer. 
Curve-fitting programs were developed on the algorithm of Dietrich and 
Rothmann [17]; the authors will honor requests for program listings. 

Results 

The time course o f  thymidine influx 
Fig. 1 illustrates the adequacy with which Eqn. 1 described the t ime course 

of  thymidine entry into thymidine kinase<leficient Novikoff  hepatoma cells. 
Note that  at substrate concentrations much less than the calculated Michaelis- 
Menten constant  (panels A and B), half-equilibrium, and consequently a 50% 
decrease from true initial velocity,  occurred with 10 s even at 24 ° C. 

The zero-trans rate equation fit to these data was that  in which all the R 
values of  Eqns. 3 and 4 were held equal (full symmetry) .  In fact, all the zero- 
trans kinetic data comprising this s tudy were fit also with R12 kept  equal to 
R2, ( in/out symmetry) ,  and with no symmetry  constraints at all. In no case was 
the improvement  in fit realized by  removing symmetry  constraints significant, 
as judged b y  the F-statistic; generally the probabil i ty of  the null hypothesis  
exceeded 0.8. 

Close examination of  Fig. 1 discloses that,  as exogenous concentrat ion 
increased, the shape of  the zero-trans curve diverged from that  of  a simple, 
first~)rder approach to equilibrium. This divergence, and the inadequacy of  a 
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Fig. 1. Zero-frans inf lux  of  t h y m i d m e  in t h y m i d i n e  lunase-def ic lent  N o v l k o f f  h e p a t o m a  cells as fit by  an  
in t eg ra t ed  ra te  equa t ion .  Cells were  ha rve s t e d  at  1.2 • 1 0 6 / m l  and  r e su sp en d ed  m basal m e d i u m  42B a t  
2.2 • 107 ccl ls /ml .  T he  a p p e a r a n c e  of  r a d i o a c t i m t y  f r o m  e xo g en o u s  [ 3 H ] t h y m i d i n e  (773 cpm#z l  of  final 
suspens ion ,  z r respec twe of  c o n c e n t r a t i o n )  wi th in  cells was fo l lowed  at  shor t  t ime  in tervals  by  m e a n s  of  
the  dual  syr inge/o i l  c en t r i f uga t l on  t e c h n i q u e  desc r ibed  in Materials  and  Methods .  Rad ioac t iv i ty  ]cell pel let  
was c o n v e r t e d  to  p m o l / p l  in t race l lu la r  w a t e r  on the  basis of  m e a s u r e d  [1 4 C] in u l i n  space  (=1.76 ~l/cel l  
pellet ,  a s s u m e d  to equal  ex t race l lu la r  w a t e r  space)  and  to ta l  3 H 2 0  space (=15.3  pl /cel l  pel le t ) .  The  
s y m m e t r i c a l ,  zero-trans i n t eg ra t ed  ra te  e q u a t i o n  (Eqn.  1, wi th  all R p a r a m e t e r s  he ld  equal )  was fit t o  
these da ta  w h e r e b y  t ime  (t) a nd  e x o g e n o u s  t h y m i d i n e  c o n c e n t r a t i o n  (S 1) were  t r e a t ed  as i n d e p e n d e n t  
variables,  and  mt r ace l l u l a r  c o n c e n t r a t i o n  (S2, t )  as d e p e n d e n t  var iable .  The  bes t - f i t t ing p a r a m e t e r s  were  
K = 168 ± 7.8 pM ( = K ~ )  and  R = 0 . 0 4 5 8  ± 0 . 0 0 0 7  ( p l .  s ) / p m o l  (= l /V~ t ) .  The  co r re l a t ion  coef f ic ien t ,  
ry ,~ = 0 . 9 9 1 5 .  T he  curves  d r a w n  are the  t h e o r e t m a l  ones  fo r  zero-trans in f lux  at these  p a r a m e t e r  va lues  
wi th  S 1 a t  c o n c e n t r a t m n s  ind ica ted .  - . . . . .  , e x p e c t e d  equ i l ib r ium level based  on  the  m e a s u r e d  m t r a -  
cel lular  w a t e r  space.  

simple, exponential equation in estimating initial entry velocities at substrate 
concentrations high relative to K~ may be better appreciated in Fig. 2. There, 
both Eqn. 1 (integrated zero-trans with full symmetry) and Eqn. 2 (integrated 
first order with $1 replaced by $2~ and treated as a parameter to be fit) are 
fit to the same data, viz. for zero. trans  influx with exogenous thymidine = 
4000 pM. Although superficially Eqn. 2 seems to fit the data fairly well, two 
artifacts become apparent on closer inspection. (i) the asymptote arrived at 
would imply an intracellular substrate space considerably less than the mea- 
sured intracellular water space (dashed line). (ii) The early time points (see 
inset of  Fig. 2) are poorly accommodated, with the consequence that the slope 
of  the influx curve at zero time is less than half that for the zero-trans curve. 
We have previously employed the exponential equation to estimate initial 
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Fig. 2. A d e q u a c y  of  z e r o - t r a n s  a nd  f i rs t -order  equa t ions  to  descr ibe  inf lux  a t  high thymzd lne  concen t r a -  
t ions.  N o v i k o f f  h e p a t o m a  cells ( t h y m l d i n e  kinase def ic ien t )  were  h a rv e s t ed  a t  1.3 • 106 cel ls /ml ,  resus- 
p e n d e d  a t  3 . 5 . 1 0 7  cel ls /ml  in basal m e d i u m  and m o n i t o r e d  for  [ 3 H ] t h y m i d i n e  inf lux ( 4 0 0 0 # M ,  
0 . 4 8  c p m / p m o l )  as descr ibed  in Materials  a nd  Methods ,  e x c e p t  t h a t  th ree  runs  at  twelve  samples  each 
were  m a d e  to  cove r  t he  t i m e  range  f r o m  1 s to  24 r am.  Raw da t a  were  c o n v e r t e d  to  p m o l ] # l  cell wa t e r  
(ex t race l lu la r  space ,  3.3 # l /pe l le t ;  in t race l lu la r  space ,  29 .5  # l /pe l le t )  and  fit by  the  s y m m e t r i c a l ,  z e r o - t r a n s  

i n t e g r a t e d  ra te  e q u a t i o n  (Eqn .  1 in t ex t ,  all R p a r a m e t e r s  he ld  equa l )  ( - -  ) and  by  the  f i rs t -order  
i n t eg ra t ed  ra te  e q u a h o n  (Eqn .  2 m t e x t ,  w h e r e b y  S 1 was  r ep laced  b y  $2~o  and  t r e a t ed  as a p a r a m e t e r  to 
be  fit)  ( . . . . .  ). T he  ca lcu la ted  initial veloci t ies  were  43 .3  p m o l / s  pe r  /41 w a t e r  ( residual  m e a n  square  = 
6 7 4 0 )  for  the  z e r o - t r a n s  fit and  13.5  p m o l / s  pe r  #1 cell w a t e r  (reszdual m e a n  square  = 28 700)  for  t h e  first- 
o rde r  fit.  The  inset  shows t he  s a m e  t w o  curves  en la rged  over  the  first 15 s. - . . . . .  , e x p e c t e d  equ i l ib r ium 
level based  on  in t race l lu la r  w a t e r  space.  

velocities of  zero-trans influx even at high concentrations of  substrate. As a 
consequence K~2 t and V~I t reported earlier [1,18] are consistently less than those 
given in Table II. 

Increasing awareness of these artifacts motivated our efforts to apply 
theoretically more rigorous equations to the analysis of  zero-trans influx data 
than we had been able to do heretofore.  

Zero-trans kinetics in various cell lines 
The data presented in Fig. 1.Lhave been reduced to two parameters, viz. the 

best-fitting values for K ~t 12 and V~t2 t. These values contr ibute one line to Table II, 
which summarizes the zero-trans kinetic parameters (23--25°C) found using 
five different  cell lines and two different  methods  of eliminating thymidine  
metabolism. 

Notewor thy  is (i) that  the kinetic values obtained with the kinase-less cells 
were comparable to those in their  wild-type counterparts,  and (ii) that  kinase- 
less mutants  of  Novikoff cells manifest similar t ransport  properties whether  
they  were subjected to KCN/iodoacetate t rea tment  or not.  Variation in culture 
pH may  contr ibute to variability in measured transport  rate (Fig. 3). Variation 
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T A B L E  I I  

K I N E T I C  P R O P E R T I E S  O F  T H Y M I D I N E  T R A N S P O R T  IN  V A R I O U S  C E L L  S Y S T E M S  

Zero°trans r e f l u x  o f  [ 3 H ] t h y m l d i n e  w a s  m e a s u r e d  at 2 3 - - 2 5 ° C  over  a c o n c e n t r a t i o n  range o f  5 - - 8 0 0  /zM 

in v a r i o u s  cell l ines  b y  t h e  dua l  syr i nge  t e e h m q u e  d e s c r i b e d  in  Materia ls  and  M e t h o d s .  To  suppres s  m e t a b -  
o l i sm ce l l s  w e r e  t r e a t e d ,  w h e r e  i n d i c a t e d ,  w i t h  5 m M  K C N  and  5 m M  i o d o a e e t a t e ,  w h i c h  d e p l e t e s  ce l lu lar  
A T P .  T h e  k i n e t i c  p a r a m e t e r s  w e r e  o b t a i n e d  b y  f i t t ing  the  s y m m e t r i c a l ,  zero-trans i n t e g r a t e d  rate e q u a t i o n  
to  t h e  p o o l e d  data  for  i s o t o p e  i n f l u x ,  as e x e m p l i f i e d  in Fig.  1 ,  and  are e x p r e s s e d  ± S.E. o f  e s t i m a t e .  E a c h  
l ine o f  the  tab le  r epresen t s  a separate  e x p e r i m e n t  w i t h  a d i f f e r e n t  b a t c h  o f  cel ls  and  e n c o m p a s s e s  d a t a  at 
t w e l v e  or m o r e  t i m e  p o i n t s  for  e a c h  o f  s ix  or m o r e  c o n c e n t r a t i o n s  o f  t h y m i d m e .  

zt  - ~ t  
Cell l ine  D e p l e t e d  o f  A T P  K t 2  ( p M )  V12 ( p m o l / s  pe r  pl  ceil H 2 0 )  

N 1 S 1 - 6 7  (wi ld  t y p e )  yes  245  ± 28 60  ± 3 
N1S1- 6 7  ( T K - )  * no  262 ± 10 41 ± 1 

n o  266 + 19 27 ± 0.7 

n o  278 ± 12 21 ± 0 .4  
n o  207 ± 15  27 ± 0.7 

n o  168 ± 8 22 ± 0.3 

no 163 ± 8 17 ± 0.3 

y e s  233 ± 7 32 ± 0 .4  

average:  228 27 

L cells (wi ld  t y p e )  yes  141 -+ 7 10  ± 0 .2  

L cei ls  ( T K - )  * no  177 ± 17 32 -+ 1 

n o  103 ± 5 16 ± 0.3 

C H O  (wi ld  t y p e )  yes  96 .6  ± 3.4 5.0 ± 0 .09  

y e s  86.7  ± 5.2 5.2 + 0 .12  

y e s  104  ± 3 9.3 -+ 0 . I i  
y e s  112 ± 5 7 .2  ± 0 .13  

Yes 117 ± 3 7.4 ± 0 .07  

average:  103 6.8 

P 3 8 8  yes  1 2 5  ± I 0  21 ± 0.7 

H e L a  yes  125  ± 5 8.2 ± 0 . I  

* T K - ,  t h y m i d m e  k inase  d e f i c i e n t .  

of  transport velocity with growth phase of  a culture is not a contributing factor 
[19]. 

Exchange of  isotopic thymidine across Novikoff  cell membranes 
From the values of  the kinetic constants obtained in zero-trans experiments, 

and from the conclusion that zero-trans data are adequately described when the 
resistivities (R parameters) to transporter movement are held equal regardless 
of  whether the transporter is loaded or unloaded, inbound or outbound, one 
can predict that the apparent Michaelis-Menten parameters of isotope exchange 
should equal those for zero-trans influx. This argument holds both for 
exchange when thymidine concentrations inside and outside are varied together 
(equilibrium exchange) or when unlabeled thymidine inside is held at a 
constant, high concentration, while exogenous, labeled thymidine is varied 
( infinite-trans ). 

Experimental confirmation of  these predictions is summarized in Table III. 
The results of  four equilibrium exchange experiments at ambient temperature 
(23--25°C) are itemized in the table. An example of  these experiments may be 
seen in Fig. 6A and C (discussed below in context of temperature dependence), 
from which is taken line three of  Table III. The tabulated values for Kil t and 
~ t  are taken from the experiment shown in Fig. 4. 
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Fig. 3. Ef fect  of  extracel lular pH on ini t ia l  veloci ty of  thymidme ref lux Thymldme klnase-deficlent 
Nov i ko f f  hepatoma cells were resuspended at 2.7 • 10 7 cells/ml in five flasks containing glucose-free basal 
medium in i t ia l ly  adjusted to span pH 6--8. Each suspension was preincubated for  10 ram, then the in i t ia l  
veloci ty of thymidme transport was determined wi th  an al iquot o f  the suspension using the double 
syr inge t e c h n i q u e ,  final t h y m l d l n e  c o n c e n t r a t i o n  was 325  ~tM, 835  cpm/~ l ,  The  p H  was d e t e r m i n e d  just 
be fo re  and  a f te r  I n c u b a t i o n  wi th  t h y m l d i n e  m separa te  flasks to wh ich  cell suspens ion  and  t h y m l d i n e  
so lu t ion  were  a d d e d  in the  s ame  p r o p o r t i o n s  as ach ieved  by the  doub le  syr inge appa ra tus .  Dur ing  this 
t ime  it  changed  no t  m o r e  t h a n  0 . 1 5  p H  uni t ;  the  final p H  is r e p o r t e d .  Ext raceUular  (no t  s h o w n )  and mt r a -  
cellular (&, pl /cel l  pel le t )  w a t e r  spaces were  d e t e r m i n e d  m t r ip l ica te ,  at  each  p H ,  for  a h q u o t s  the  cell 
suspens ion  cen t r i f uged  t h r o u g h  od (see Materials  and  Methods) .  Ini t ial  veloci t ies  were  ob t a ined  by f i t t ing 

the  s y m m e t r i c a l  zero-trans In t eg ra t ed  ra te  e q u a t i o n  to  the  da ta  wi th  K held  a t  225  pM, an d  using the  best-  
f i t t ing value for  R to ca lcula te  initial ve loc i ty  at  S 1 = 325  #M, acco rd ing  to Eqn.  5. Ini t ial  veloci t ies  were  
n o r m a h z e d  to  m t r a e e l l u l a r  v o l u m e  (~, p m o l / s  per/~1 cell w a t e r )  and  cell n u m b e r  (Q, p m o l / s  per  106 cells). 

T A B L E  I I I  

K I N E T I C S  OF T H Y M I D I N E  I S O T O P E  E X C H A N G E  IN N O V I K O F F  H E P A T O M A  C E L L S  

Flux  of  t h y m i d i n e  r ad io i so tope  was  m e a s u r e d  at  23--25QC wi th  the  equ i l ib r ium exchange  and  infinite-  
trans p r o t o c o l s  desc r ibed  in Mater ia ls  a nd  Methods .  The  kinet ic  p a r a m e t e r s  of  e q u f l i b r m m  exchange  were  
d e t e r m i n e d  in four  separa te  e x p e r i m e n t s  like t h a t  p o r t r a y e d  in Fig. 6A and  C, Those  fo r  inf ini te- trans 
were  c o m p u t e d  for  the  e x p e r i m e n t  s h o w n  m Fig. 4. F o r  c o m p a r i s o n  zero-trans kinet ic  p a r a m e t e r s  are also 
given.  These  are the  m e a n s  (+_ S.D,)  of  t hose  e x p e r i m e n t s  of  Tab le  II  done  wi th  N1S1-67  Nov iko f f  rat  
h e p a t o m a  c e l l s .  

E x p e r i m e n t a l  design K m (~zM) V ( p m o l / s  pe r  #1 cell H 2 0  ) 

Equ i l i b r ium e x c h a n g e  368  ± 55 73 ± 8 
312  ± 82 42 ± 9 
181 ± 23 2 9  ± 3 

231 ± 131 40  ± 18 
a v e r a g e s :  273 46 

In fmi te - t rans  246 ~ 41 71 ± 4 
Zero-trans 228 ± 16 31 ± 5 
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Fzg. 4. Inflmte-trans transport of thymzdme m thymidme ]unasc-dehcient Novikof f  hepatoma cells. Cells 
were preloaded with 10 mM thymldzne for 30 ram. Ai iquots of the eqmlibrated cells were then collected 
by eentrifugatzon. The cells were resuspended in medium contaimng [3H] thymzdme (246 cpm//~], 
zrrcspectlve of conccntratzon) at one of  ten concentrations ranging from 10 to 2000/zM. After 12, 25, 40 
and 60 s of incubatzon at 24°C duphcate 0.5 m] samples of the suspenszon were layered over od and 
centrifuged. Panel A shows the time courses of  appearance of radzoactlvlty m the cell pe]]ets (for purposes 
of ciarzty only bye concentrations are shown). Imtia] velocities were estzmated from the 12 s poznt, and 
are p l o t t e d  against  c o n c e n t r a t i o n  o f  e x o g e n o u s  t h y m z d z n e  m pane l  B. T h e  curve  is that  c o r r e s p o n d i n g  to  
b e s t - f s t t m g  M m h a e h s - M e n t e n  p a r a m e t e r s .  

Temperature dependence of thymidine influx and exchange 
Arrhenius plots of thymidine uptake into wild-type Novikoff hepatoma cells 

shows a discontinuity at 17--23°C [20].  The recent results, noted in the 
Introduction, which demonstrate phosphorylation to be the rate-determining 
step of thymidine uptake (at least at temperatures/>23 ° C), suggested, however, 
that the break in the Arrhenius plot of uptake velocity might not be attributable 
to discontinuous behavior of the thymidine transporter with respect to 
temperature. Accordingly, we have examined the temperature dependence of 
thymidine transport in thymidine kinase-deficient Novikoff hepatoma cells 
under three experimental conditions (Fig. 5): (i) with zero-trans protocol at 
5 pM exogenous thymidine; (ii) with zero-trans protocol near (approx. 78% at 
24°C) saturation of the carrier, and (iii) with equilibrium exchange protocol 
near (83%) saturation. The similarity of entry and exchange velocities observed 
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Fig. 5. T e m p e r a t u r e  d e p e n d e n c e  of  t h y m l d i n e  inf lux  a nd  exchange .  Suspens ions  of  t h y m i d i n e  kinase- 
de f t cmn t  N o v i k o f f  cells (a t  a b o u t  3 • 107 ce l i s /ml  basal  m e d i u m )  were  assayed  for  zero-trans inf lux of  
[ 3 H ] t h y m i d i n e  a t  5 ~M (o)  or  800/~M (e)  a nd  for  i so top ic  exchange  wi th  cells p r e i n c u b a t e d  a t  1330  ~M 
(A) as desc r ibed  m Materials and  Methods .  Cell suspens ions ,  subs t ra t e  so lu t ions  and  a p p a r a t u s  were  
t h e r m a l l y  e q u i h b r a t e d  be fo re  assay a t  the  t e m p e r a t u r e  i nd i ca t ed  on  the  u p p e r  abscissa.  The  t i m e  course  of  
a p p e a r a n c e  of  r ad io i so tope  m the  cell pellets was fo l lowed  wi th  12 sampl ings  e n c o m p a s s i n g  3 9 - - 2 3 4  s, 
d e p e n d i n g  on t e m p e r a t u r e  a nd  c o n c e n t r a t i o n .  Ini t ial  veloci t ies  were  c o m p u t e d  by  f i t t ing a f i rs t -order  
i n t e g r a t e d  ra te  e q u a t i o n  to equ i l ib r ium exchange  da ta  (Eqn .  6 in t ex t )  an d  to  ref lux  da ta  at  5 #M 
t h y m l d i n e  (Eqn .  2 in t e x t ) ,  or  by  f i t t ing the  s y m m e t r i c a l  zero-trans i n t e g r a t e d  ra te  e q u a t i o n  (Eqn.  I in 
t e x t  wi th  all R p a r a m e t e r s  equa l )  to re f lux  da ta  a t  800  ~M t h y m i d i n e ,  w h e r e b y  K ~  was he ld  a t  values 
i n t e r p o l a t e d  f r o m  Fig. 7. The  c o m p u t e d  init ial  veloci t ies  are p lo t t ed  against  inverse  abso lu te  t e m p e r a t u r e .  
The  u p p e r  curve  is the  regress ion  line on  p o o l e d  ref lux  a nd  exchange  da t a  and  co r r e sp o n d s  to  an Ar rhen ius  
ac t iva t ion  ene rgy  of  18 .3  kca l /mo l .  

at 23°C (see Table III) was seen here to extend over the full range of  tempera- 
ture accessible with viable cells. Thus zero-trans and equilibrium exchange data 
were essentially coincidental, and have been pooled to determine an Arrhenius 
activation energy of  18.3 kcal/mol (corresponding to Qt0 = 2.7 for 25--35°C) .  
There was no evidence for a biphasic curve at near-saturating substrate con- 
centrations. 

The perceptible curvature at sub-K~ concentration of  thymidine is probably 
due to an increase in K~: t, with a resultant decrease in fractional saturation at 
5 #M, with temperature (see Table IV). 
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The apparent MichaelisoMenten constants for zero-trans influx and equilibri- 
um exchange are functions of  the carrier : substrate dissociation constant (K) 
and the ratios of appropriate resistivities [ 5 ], viz. 

K~ t = g R o o / R  12 (7) 

and 

K ee= KRoo/Ree  (8) 

Since experiments described in the previous section had indicated that, at 23--  
25°C, R00 = R~2 = Ree, we anticipated that the equivalence might hold over a 
range of  temperature. If so, K~ t and K ee should exhibit similar temperature 
dependence, and the slope of  the van't Hoff  plot (ln K vs. 1/T) should be 
proportional to the enthalpy of  carrier : substrate dissociation. 

The results of  equilibrium exchange experiments at 6, 25 and 37°C in 
thymidine kinase-less Novikoff  hepatoma cells are presented in Fig. 6. Zero- 
trans experiments were conducted also at 4, 24 and 37°C (the time courses are 
not shown), and the kinetic parameters obtained from least-squares fits of  the 
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Fig.  6.  K i n e t i c s  o f  t h y m i d i n e  ( d T h d )  e q u i l i b r i u m  e x c h a n g e  as a f u n c t i o n  o f  t e m p e r a t u r e .  N o v i k o f f  
h e p a t o m a  cells d e f i c i e n t  m t h y m i d i n e  k inase  we re  s u s p e n d e d  a t  2 . 5 -  1 0 7  ce l l s /ml  in  basa l  m e d i u m ,  
d iv ided  i n t o  t en  f lasks ,  a n d  p r e i n c u b a t e d  f o r  1 0  ra in  a t  3 7 ° C  w i t h  n o n - r a d i o a c t i v e  t h y m i d i n e  a t  v a r i o u s  
c o n c e n t r a t i o n s  r a n g i n g  f r o m  5 t o  2 6 6 0 / ~ M .  T h e  t i m e  c o u r s e  o f  i s o t o p e  e x c h a n g e  was  f o l l o w e d  w i t h  
a l i q u o t s  f r o m  e a c h  f l ask  m i x e d  w i t h  [ 3 H ] t h y m l d i n e  ( 7 8 0  c p m / ~ l ,  i r r e spec t ive  o f  c o n c e n t r a t i o n )  a t  t h e  
s a m e  c o n c e n t r a t i o n  u s e d  f o r  p r e i n c u b a t i o n  (see Mate r ia l s  a n d  M e t h o d s ) ,  b u t  w i t h  s o l u t i o n s  a n d  a p p a r a t u s  
e q u i l i b r a t e d  in  t u r n  a t  6 ,  2 5  a n d  3 7 ° C .  Pane l  A gives e x a m p l e s  o f  t i m e  cot t r ses  a t  2 5 ° C  a n d  2 0 . 8  (o) ,  3 3 2  
(~) ,  a n d  1 3 3 0  (~) p M  t h y m i d i n e 0  a n d  t h e  b e s t - f i t t i n g  curves  o f  t he  f o r m  o f  E q n .  2 (see t e x t ) .  Pane l s  B - -D  
r e p l o t  t he  f i r s t - o r d e r  r a t e  c o n s t a n t s  t h u s  o b t a i n e d  a g a i n s t  c o n c e n t r a t i o n  o f  t h y m l d i n e  f o r  60 2 4  a n d  3 7 ° C ,  
r e s p e c t i v e l y ,  a c c o r d i n g  to  t h e  r e l a t i o n s h i p  k '  = v e e / ( K e e  + S)  as e l a b o r a t e d  in  t h e  t e x t .  Va lues  f o r  V ee a n d  
K ee (± S.E.  o f  e s t i m a t e )  a re  t a b u l a t e d  in  Tab le  IV.  
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T A B L E  I V  

T E M P E R A T U R E  D E P E N D E N C E  OF K A N D  V F O R  ZERO,trans I N F L U X  A N D  E Q U I L I B R I U M  EX- 
C H A N G E  

In f lux  o f  [ 3 H ] t h y m i c h n e  a t  ten  c o n c e n t r a t i o n s  b e t w e e n  2.5 /~M and  2.5 m M  was m e a s u r e d  m t h y m l d m e  
k inase-def lc ien t  N o v i k o f f  h e p a t o m a  cells as descr ibed  in Matermls  and  Methods ,  b u t  at  a m b i e n t  t e m p e r a -  

zt  zt  
tu res  of  4, 24 and  37°C. K12  and  V12 were  c o m p u t e d  f r o m  the  poo led  t ime  course  da t a  by  m e a n s  of  the  

s y m m e t r i c a l  zero-trans i n t eg ra t ed  ra te  e q u a t i o n  as e x e m p h f i e d  in Fig. 1. K ee and  V ee are t a b u l a t e d  for  
the  equ i l i b r ium exchange  e x p e r i m e n t  s h o w n  in Fig. 6. 

Experimental design Temp. Kinetic constants 
(°C) 

K ( ~ M )  V (p mo l / s  pe r  ~tl cell H 2 0 )  

Zero-trans 

Equ i l i b r ium exchange  

4 66.7 ± 44  1 .25  ± 0 .03  
24 207 ± 15 27 .4  ± 0.7 
37 420  ± 8 92 .4  ± 0.8 

6 134 ± 58 2 2 ± 0.8 
25 312  ± 82 42 ± 9 
37 572 ± 197 123 ± 36 

v 

-7 

- 8  

- 9  

- 10  

T 

Temperature (°C) 

37 E4 4 
i I i 

i ,  

I l i T 
32 34 :3,6 

103/T (=K -I) 
Fig. 7. T e m p e r a t u r e  d e p e n d e n c e  of  K ~  a nd  K ee. Values  for  K ee (expressed  in m o l a r i t y  an d  wi th  range  
hnes  mchca t ing  s t a n d a r d  e r ror  of  e s t i m a t e )  are t a k e n  f r o m  the  e x p e r i m e n t  s h o w n  in Fig. 6. Values  for  K ~  
are t a ken  f r o m  Table  IV.  These  values  are  p l o t t e d  to  1Hustrate the  v a n ~  Hof f  re la t ionship :  d(ln Kea) /  
d ( 1 / T )  = - - A H  0 ' / R  (where  R is the  umver sa l  gas c ons t a n t ,  T is the  abso lu te  t e m p e r a t u r e ,  an d  - - A H  0 ' - i s  
the  e n t h a l p y  of  the  r e a c t i o n  cha rac t e r i zed  by  Keq . )  The  line s h o w n  is the  regreSSion line on  in K~ t ,  and 
co r r e sponds  to an  e n t h a l p y  of  car r ie r  : subs t ra te  d issocia t ion  equa l  to  9.3 k ca l /mo l .  Since the  a p p a r e n t  
free ene rgy  of  dmsocla t ion  a t  24°C is 5 k c a l / m o l  (=--RT In K,  see Table  I I I ) ,  this yields an  e n t r o p y  of  
d i s soc i ahon  of  15  ca l /deg ,  pe r  tool.  
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Fig .  8.  K i n e t i c  a n a l y s i s  o f  i n h i b i t i o n  o f  t h y m i d l n e  i n f l u x  b y  o t h e r  n u e l e o s i d e s  a n d  n u c l e i c  ac id  bases .  T h e  
m f i u x  o f  [ 3 H ] t h y m l d m e  i n t o  t h y m i c h n e  k i n a s e - d e f l e i e n t  N o v i k o f f  h e p a t o m a  cells was  m e a s u r e d  m six-  
t e e n  e x p e r i m e n t s  s imi la r  t o  t h e  o n e  p o r t r a y e d  in  Fig .  1.  In  a d c h t i o n  t o  [ 3 H ] t h y m i d i n e ,  h o w e v e r ,  a n o n -  
l abe l ed  i n h i b i t o r  w a s  p r e s e n t  in t h e  s u b s t r a t e  s o l u t i o n  t o  give t h e  f ina l  c o n c e n t r a t i o n s  i n d i c a t e d  o n  t h e  
absc i ssas .  F o r  e a c h  e x p e r i m e n t  a n  a p p a r e n t  K ~  a n d  V ~  was  c o m p u t e d  b y  f i t t i ng  t h e  s y m m e t r i c a l ,  zero-  
trans i n t e g r a t e d  r a t e  e q u a t i o n  t o  t h e  p o o l e d  d a t a  o f  t h a t  e x p e r i m e n t  (as e x e m p l i f i e d  in  Fig .  1) .  F o r  e a c h  
m t n b i t o r ,  1 / V ~  (e )  a n d  K ~ / V ~  (o)  a re  p l o t t e d  a g a i n s t  [ I ] ,  so  t h a t  t h e  x - i n t e r c e p t  gives,  r e spec t i ve ly ,  
K i A n t e r c e p t  a n d  Ki , a lop  e (see Re f .  21 ) .  T h e  x - i n t e r c e p t s  we re  c a l c u l a t e d  b y  r eg re s s ion  a n a l y s i s  a n d  a re  
t a b u l a t e d  w i t h  t h e  a s s o c i a t e d  s t a n d a r d  e r r o r s  o f  e s t i m a t e  in  T a b l e  V.  

respective rate equations to data from both  experiments are tabulated in 
Table IV. As with zero-trans data collected at 23--25 ° C, here too  the symmetri- 
cal zero-trans equation fit the data well; no significant improvement  in fit was 
realized by  removing the symmetry  constraint. Although the kinetic param- 
eters of  equilibrium exchange seem consistently higher than those of  zero- 
trans, the  errors o f  estimate of  the former were large, and it is apparent from 
Fig. 7 that  the temperature  dependence of  the two parameters were similar. 
The linearity of  these van't  Hoff  plots (Fig. 7) indicates that  the apparent 
enthalpy (9.3 kcal/mol) o f  carrier : substrate dissociation was constant over the 
temperature range 4--37 ° C. 

Specificity o f  the thymidine transporter 
We have examined in Novikoff  hepatoma cells the inhibtion of  thymidine 

influx by  several nucleosides and nucleic acid bases in an effort  to delineate the 
specificity of  the thymidine transport  sytem. For  five substances, inosine, 
uridine, deoxycyt id ine ,  thymine  and hypoxanthine,  the pattern of  inhibition 
has been extensively characterized, i.e. the initial velocities of  thymidine trans- 
por t  have been determined as a funct ion of  exogenous thymidine concentrat ion 
at two or three concentrations of  inhibitor. In each case the symmetrical,  
integrated zero-trans rate equation was fit to the data to  yield best-fitting 
values of  K~ t and V~I~. Subsequent ly  1/V~lg and ~zt/T?zt • -12,, 12 were plot ted against con- 
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T A B L E  V 

S U M M A R Y  OF I N H I B I T I O N  C O N S T A N T S  F O R  T H Y M I D I N E  I N F L U X  

Values  given are the  x - in t e rcep t s  (+- S.E. of  e s t ima te ) ,  o b t a i n e d  by  l inear  regress ion,  for  the  rep lo t s  of 
z t  zt  

1/V~ t versus  [ I ]  (x -cep t  = K i , i n t e r c e p t )  and  K 12/V12 versus  [ I ]  (x -cep t  = Kl ,s lope)  sh o wn  m Fig. 8. 

I n h i b i t o r  I nh ib i t i on  c ons t a n t s  (~M) 

K i , m t e r c e p t  Ki ,s lope 

Inos ine  192 ± 44 
Ur id ine  394  _+ 7 
D e o x y c y t i d i n e  1 6 2 0  +- 1 5 6 0  
T h y m i n e  5610  _+ 3 1 3 0  
H y p o x a n t h i n e  1 0 0 0  -+ 252  

64 _+ 4 
156  + 24 
232  _+ 113 
593 + 92 
609 _+ 152  

T A B L E  VI  

I N H I B I T O R S  OF T H Y M I D I N E  I N F L U X  IN N O V I K O F F  H E P A T O M A  C E L L S  

Inh ib i t i on  of  t h y m i d m e  inf lux  b y  a n u m b e r  of  c o m p o u n d s  was  s c r eened  in th ree  separa te  e x p e r u n e n t s  
wi th  N o v i k o f f  h e p a t o m a  cells. In  Exp .  1 c o n c e n t r a t i o n  of  subs t ra t e  ( [ 3 H ] t h y m i d i n e )  was  3 2 0  #M an d  the  
initial ve loc i ty  of  en t ry  v~ t , con t ro l  was  23 .2  p m o l / s  pe r  #1 cell w a t e r ;  in Exp.  2, subs t ra t e  = 160  #M an d  
vZt - - ~ t r o l  = 8 .14  p m o l / s  pe r  ~I  cell w a t e r ; i n  Exp .  3, subs t ra t e  = 1 2 0  #M an d  v ~ t  co n t ro l  = 14.6 p m o l / s  1 2  , ~ v , ,  
per  #I  cell wa te r .  Since t he  c o n d i t i o n  S 1 < < K z t  was  n o t  m e t  in any of  these  e x p e r i m e n t s ,  initial veloci-  
t ies were  d e t e r m i n e d  by  f i t t ing  t he  s y m m e t r i c a l ,  zero-trans i n t eg ra t ed  ra te  e q u a t i o n  to  the  da t a  for  a 
single c o n c e n t r a t i o n  of  subs t ra t e ,  w h e r e b y  R 12 (ffi 1/V~ t )  was he ld  a t  a va lue  t a k e n  as a average  of  dupli- 
ca te  con t ro l s .  This  p r o c e d u r e  is t a n t a m o u n t  to  assuming  c o m p e t i t i v e  inh ib i t ion ,  b u t  was  necessa ry  to  fi t  
t h e  d a t a  successful ly  w i th  the  zero-trans e qua t i on .  The  va lues  o b t a i n e d  zt  for  init ial  veloci t ies  (u 12 , inhib i tor )  

zt  in the  p resence  of  are l i t t le  a f f ec t ed  b y  this  a s s u m p t i o n ;  h o w e v e r ,  the  bes t - f i t t ing  value for  a p p a r e n t  K 12 
inh ib i to r ,  or  fo r  a K i de r ived  f r o m  it,  w o u l d  be  inval id ( and  is t h e r f o r e  n o t  r e p o r t e d )  to the  e x t e n t  t h a t  
i nh ib i t i on  is p r o b a b l y  n o t  s t r ic t ly  c o m p e t i t i v e  (see Fig. 8).  

I n h i b i t o r  Conc.  of  
inh ib i to r  
( # M )  

zt . . . vZt 
v 120nh lb l t o r /  12 ,con t ro l  

Exp t .  1 
5 ' - B r o m o d e o x y u r i d i n e  320  0 .27  

3 2 0 0  0 .07  
D e o x y i n o s i n e  320  0 .38  
D e o x y u r i d i n e  320  0 .39  

3200  0.07 
Exp t .  2 

Cytos ine  160 1.3 
800  0.98 

Uracil  160  0 .94  
800 0.56 

D-Rlbose 160 1.0 
8 0 0  0 .75  

Expt .  3 
Pur ine  r ibos ide  120  0 .18  

4 8 0  0 .06  
6-Mercap t opu r ine  r ibos ide  120 O. 58 

4 8 0  0 .28  
6 - M e t h y l m e r c a p t o p u r i n e  r iboside  120  0 .14  

4 8 0  0 .04  
2' ,3' ,5 ' -Tr ideox yadenosine 120 0.66 

480 0.31 
6-( [ 4 -N i t robenzy l ]  thio)-9-~-D-ribo f u r a n o s y l p u n n e  1 0.67 

10 0 .10  
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centrat ion of  inhibitor, corresponding to the ' intercept '  and 'slope' replots, 
respectively, conventionally used to characterize inhibitors of  enzymatic reac- 
tions [21]. These plots are shown in Fig. 8, and the Ki,slop e and gi , in tereep  t 
derived from them are listed in Table V. With all five substances both 1/V~2 t and 
K~/V~t t appear to be related linearly to inhibitor concentration; thus each sub- 
stance might be classified as a linear, non-competitive inhibitor of  thymidine  
influx. All inhibitors showed a stronger influence on Km than on V {i.e. 
g l , s lop  e < g i , ln tereept)  , while the bases were less effective than the nucleosides. 

Twelve additional compounds,  including several nucleoside analogs, were 
tested simply for their ability to inhibit thymidine influx at a single concentra- 
tion of thymidine  (see Table VI). At a concentrat ion of  inhibitor equal to that  
of  substrate all of  the  nucleosides, with the exception of  2' ,3' ,5'-trideoxy- 
thymidine,  inhibited thymidine influx <33%. Cytosine was non-inhibitory, 
while D-ribose and uracil were weakly inhibitory. 

Discussion 

The results of  this paper, together  with a preliminary report  on the subject 
[1 ], represent the first comprehensive, kinetic characterization of  nucleoside 
transport  into cultured mammalian cells, based on methodology adequate to 
cope with the manifest rapidity of  that  transport,  in cell systems not  com- 
plicated by metabolism of  transported substrate, and interpreted in terms of 
theoretically derived, integrated rate equations. 

Wherever a zero-trans experimental protocol was used, three versions of  an 
integrated rate equation were fit to the data, corresponding to three ramifica- 
tions of  a simple, carrier-mediated, non-concentrative model: (i) where the 
rate of carrier movement  was assumed to be different in all modes of move- 
ment;  (ii) where the rate was assumed different for loaded and empty  carrier, 
but  equal with respect to direction of  movement ,  and (iii) where all rates, 
loaded or empty,  in or out, were assumed equal. In every instance the fully 
symmetrical  version (iii) fit the data well; for the results in Table I, for example, 
the worst correlation between actual intracellular concentrations and those 
calculated for the best-fitting parameters was 0.96, most were ~>0.99. Moreover, 
in no case did the introduction of  the additional parameters necessitated by 
versions (i) and (ii), significantly improve the fit, as estimated by the F-statistic. 

Table II legitimizes, a posteriori, a chemical device we have used to suppress 
metabolism in cell lines for which thymidine  kinase-less mutants  were not  avail- 
able to us, namely the depletion of  cellular ATP by t rea tment  with 5 mM KCN 
plus 5 mM iodoacetate.  Thus in Novikoff hepatoma cells and in mouse L cells 
the kinetic characteristics of  thymidine  transport are comparable with or 
wi thout  ATP depletion, lending confidence to our assumption that  ATP deple- 
tion is a generally useful procedure for measuring nucleoside transport  un- 
encumbered by intraceUular phosphorylation. The comparison, of  course, also 
establishes the independence of  the thymidine  transporter from cellular energy 
supply. 

The K~: t o f  thymidine transport  in these five cell lines is some 200-times the 
Km of  thymidine  uptake described by numerous investigators in several 
mammalian cell lines ~uptake ~ 0.5 pM; reviewed in Refs. 22 and 23). This 
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difference is not a discrepancy in the real sense, but a consequence of uptake's 
being a multi-step process for which transport is not the rate-determining step 
[4,19]. In fact, the K~ t values reported here are reminiscent of those reported 
for thymidine in human red blood cells [24], which are inherently unable to 
metabolize thymidine. 

A further distinction between the present results and conclusions drawn 
from uptake studies is our failure to detect any significant contribution from 
'simple diffusion' (non-mediated permeation) of thymidine. The non-mediated 
permeation seen in uptake studies is likely an artifact, explicable, in light of the 
data reported here, as follows. Accumulation of substrate-derived radioactivity 
in phosphorylating cells comprises two classes of compounds, (i) phos- 
phorylated compounds, the accumulation of which progresses measurably 
within the time scale employed in most uptake studies, and which shows 
Michaelian dependence on exogenous substrate concentration, presumably 
reflecting saturability of thymidine kinase, and (ii) free, intracellular thymidine, 
which, at the same time scale, appears to be constant and directly proportional 
to the concentration of exogenous thymidine. If one equates, erroneously, total 
accumulation per given time as a measure of uptake velocity, and analyzes this 
'velocity' as a function of exogenous substrate concentration, one perceives one 
component apparently saturable and another apparently not. 

Conformity of zero-trans influx data to the theoretical equation for can'ier- 
mediated influx provides evidence for the correctness of the simple, functionally 
symmetrical, carrier-mediated transport model, and allows calculation of 
kinetic parameters defined by this model. The results of the inf ini te- trans and 
equilibrium exchange experiments (Fig. 4 and Table III) confirm the correct- 
ness of the model. 

The appropriateness of the carrier model, combined with our evidence that 
inosine is probably also a substrate for the transport system under study here 
(as discussed below), contradicts a suggestion by Quinlan and Hochstadt [25] 
that inosine transport into vesicles prepared from virus-transformed mouse 3T3 
cells is a translocation process, involving the phosphorolysis of inosine to 
ribose 1-phosphate and hypoxanthine. This suggestion is based on the observa- 
tion that the vesicles, after dilution in 0.8 M NaC1 at 37°C and collection on 
nitrocellulose filters, contain no inosine or hypoxanthine, but an accumulation 
of ribose 1-phosphate derived from isotopically labeled inosine. The rapidity of 
nucleoside transport by carrier mediation suggests a different interpretation: 
inosine rapidly permeates the vesicles, intravesicular inosine is partially phos- 
phoroylzed by residual phosphorylase, but it and product hypoxanthine exit 
during the filtration procedure, leaving only ribose 1-phosphate behind. 

Although the mechanism of thymidine transport postulated here for 
cultured mammalian cells resembles in several respects that seen for nucleosides 
in human erythrocytes, it differs in respect to symmetry. In light of the studies 
of Cass and Paterson [26], Pickard and Paterson [27], and Cabantchik and 
Ginsburg [28] on uridine transport in erythrocytes (which, like the cells em- 
ployed here, do not metabolize the transported substrate), we had anticipated 
asymmetries in the rate of movement of loaded and empty carrier. Based on 
graphical estimation of initial velocities of zero-trans entry and exit and of 
equilibrium exchange, Cabantchik and Ginsburg [28] reported V ~e for uridine 
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about 2.5-times V~ t. As we have not  applied our sampling technology or 
integrated rate equations to erythrocytes ,  we are unable to judge whether  the 
symmetry  differences are real or artifactual. 

The temperature  studies (Figs. 5--7 and Table IV) also attest to the 
appropriateness of  the symmetrical carrier model  and extend it to a wide range 
of temperatures.  Again, the conclusions based on a study of  transport per se 
diverge from those based on a study of  uptake [20]. In the latter case there was 
a distinct break in the Arrhenius curve of thymidine  uptake (as for other 
nucleosides), which could be interpreted as indication of  a phase transition in 
the membrane.  Transport,  as measured with zero-trans or equilibrium exchange 
protocol,  did not  show such a break. It is worth noting that  the Arrhenius 
activation energy pertaining to transport at all temperatures (Fig. 6) is similar 
to that for uptake in the lower range of temperature [20]. The similarity sug- 
gests an alternative interpretation of the temperature discontinuity of uptake,  
namely a transition from permeation-limited uptake at low temperatures to 
kinase-limited uptake at high temperatures.  The temperature dependence of 
thymidine  transport  makes also an important  technical point: substantial 
amounts  of  free, intracellular nucleoside may be lost upon rinsing cells or 
vesicles even near ice temperature.  For example, according to Fig. 5, a Novikoff 
cell would be expected to lose half its intracellular thymidine pool (if 
[ thymidine]  is less than, say, 100 pM) during a 43 s rinse with buffer  at 4°C. 

The inhibition of thymidine  influx by several other  nucleosides and bases 
(Fig. 8 and Table VI) we have taken as evidence of their all sharing a common 
transport  system, a conclusion supported also by the fact that  thymidine  
countertransports  with a number  of different nucleosides [10]. Moreover, a 
pattern of  reciprocity of  inhibition, at least among nucleosides, is becoming 
apparent in studies published [4,29] and in progress in this laboratory. 

Still, we are unable to offer a quantitative interpretation of  the inhibition 
data. It is not  obvious why supposed alternate substrates for the thymidine 
transporter would elicit a change in V~2 t as well as in K~ t, as is evident for all 
the inhibitors used in full kinetic analysis (Fig. 8). 

The question of  specificity is particularly troublesome in regard to nucleic 
acid base transport.  By our criterion of inhibition, thymine,  hypoxanthine  and 
uracil would qualify as alternate substrates of  the thymidine transporter  in 
Novikoff cells, although of  less affinity than nucleosides. (Cytosine did not  
inhibit thymidine  transport,  nor does it seem to be taken up by any saturable 
system, but  rather by non-mediated permeation, as documented  in Ref. 30.) 
Transport of  hypoxanthine  [31] and uracil [4] is mediated, but  the reciprocity 
of  inhibition we have seen among nucleosides does not  seem strictly to apply 
between bases and nucleosides, suggesting the possibility that  there may  be also 
another  transport  system specific to bases. 

But in spite the difficulties in interpreting inhibition data, a clear picture 
emerges from this study as a whole. Namely, thymidine  is transported into 
mammalian cells by the simplest, carrier-mediated transport  system imaginable. 
It  does not  require energy, but  simply promotes the at ta inment  of  equilibrium 
distribution across the membrane.  It is symmetrical  in the sense that  the carrier 
functions with equal facility whether  loaded or empty,  whether  inbound or 
outbound.  It operates independently of  cellular metabolic machinery,  nor  is 
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itself a vectorial metabolic system. Its temperature dependence both with 
respect to transport velocity and carrier : substrate dissociation is unexcep- 
tional, with no abrupt changes indicative of phase transitions or the like. It 
seems relatively indiscriminate in regard to the substances it transports: a 
variety of natural artificial purine and pyrimidine ribosides and deoxyribosides 
appear to compete with thymidine, as, to a lesser extent, do some nucleic acid 
bases. And (to incorporate conclusions drawn elsewhere; Ref. 19) it is neither 
metabolically unstable nor subject to modulation with the growth stage of 
cultured cells. 

If the thymidine (nucleoside) transport system is so simple, why has it been 
so elusive of characterization? The answer includes at least four interrelated 
parts. (i) The transport system is very fast (cf. Fig. 1). Rapid sampling tech- 
niques are essential to measure nucleoside flux. Moreover, even short rinses in 
substrate-free medium can eliminate such intracellular accumulation as has 
occurred. (ii) It is not very extensive, since substrate is not accumulated 
beyond its extracellular concentration. (iii) It is masked by intracellular metab- 
olism. The intracellular accumulation of phosphorylated derivatives of exoge- 
nous, radiolabled nucleoside is extensive and prolonged compared to that of 
free nucleoside. The interference of metabolism is sufficient to mask the trans- 
port step even in vesicles largely devoid of cytoplasmic content [25]. (iv} 
Integrated rate equations for even the simplest carrier-mediated transport 
models are awkward enough to render their application an unattractive remedy 
for our inability to measure truly initial rates of substrate entry into cultured 
cells. 

In light of the present and other recent results [1,3,4,7] and for the reasons 
enumerated above, it has become clear that the extensive literature on the 
kinetic characteristics of thymidine uptake in mammalian cells does not pertain 
to thymidine transport, and that the assessment of transport per se demands 
rapid sampling techniques and the use of non-metabolizable substrates. 
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