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Characterization of sodium-dependent nucleoside transport 
in rabbit intestinal brush-border membrane vesicles 
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The characteristics of uridine transport were studied in rabbit intestinal brush-border membrane vesides. Uridine was 
t~-~ken up into an osmotically active space in the absence of metabolism and there was no binding of uridine to the 
membrane vesicles. Uridine uptake was markedly enhanced by sodium, but showed no significant stimulation by other 
monovalent cations tested. Kinetic analysis of the sodium-dependent component of uridine flux indicated a single 
syst~ln obeying Michaelis-Menten kinetics (K~ value of 6.4 + IA FM with a V ~  of 9.1 4" 3.6 pmoi /mg protein per s 
as measured under zero-trans conditions with a 100 mM NaCI gradient at 24°C). A variety of purlne and pyrimidine 
nucleosides were able to inhibit sodium-dependent uridine transport, suggesting that these nucleosides are also 
permeants for the same system. Consistent with this suggestion was the rmding that these nuclcosides also stimulated 
uridine efflux from the brush-border membrane vesides. The sodium:urldine coupling stoiebiometry was found to he 
1: I as measured by the activation method. From these results it is concluded that a broad specificity sodium-dependent 
nucleoside transpurter is present at the brush.border membrane surface of rabbit enterneytes. 

Introduction 

The transport of nucleosides across animal cell mem- 
branes is mediated by a number of different pathways. 
The most widely studied of these pathways is the non- 
concentrative facilitated diffusion transport system pre- 
sent in human erythrocytes (for a review see Refs. 1 and 
2). The human erythrocyte nucleoside transporter 
accepts a wide variety of purine and pyrimidine 
nucleosides as permeants, is kinetically symmetrical in 
fresh cells, and is completely sensitive to inhibition by 
NBMPR and a number of other potent inhibitors, such 
as dilazep and dipyridaraole [1-5]. This nuelcoside 
transporter, designated as NBMPR-sensitive, is present 
in a wide variety of cells [1,2], and has been identified as 
a band 4.5 glycoprotein (aFparent M r 66 000-45 000) in 
mammalian erythrocytes [6-81. In addition, non-con- 
centrative nucleoside transporters that are insensitive to 
inhibition by concentrations of NBMPR as high as 
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1-10 pM also exist [9-14]. These NBMPR-insensitive 
facilitated diffusion nucleoside transporters also have a 
broad specificity and, in some cell types, the affinity of 
the carrier for certain nucleosides differs significantly 
from the NBMPR-gcnsitive ~'stem [11,13,14]. The pro- 
portion of NBMPR-sensitive and -insensitive transport 
in a particular cell type varies widely. 

The third major class of nucleoside transporters are 
sodium-dependent systems recognized in renal BBMVs 
[15,16], murine splenocytes [17], freshly isolated guinea- 
pig enterocytes [18] and cultured rat intestinal epithelial 
cells [19]. A major difficulty of studying the transport 
functions of sm::ll intestinal epithelium using intact 
cells is that the transport properties of both the brush- 
border and the basolateral surface are determined 
simultaneously. Results obtained are, in consequence, 
difficult to interpret. The use of plasma-membrane 
vesicles prepared from each membrane surface has been 
extremely important in characterizing the basic mecha- 
nisms of cpith::lial solute transport and overcoming part 
of this difficu !ty [20]. In addition, membrane vesicles 
have the advantage that metabolism of the solute by 
cytoplasmic components is generally absent and the 
intravesicular ,and extravesicular fluid composition can 
be varied at will. in this report, the properties of uridine 
transport by rabbit intestinal BBMVs are described. 
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Materials and Methods 

Isolation of BBMVs 
Intestinal BBMVs were isolated from rabbit small 

intestine by the calcium precipitation method [21]. The 
final pellet was resuspended in 300 mM mannitol/10 
mM Hepes/Tris (pH 7.5) and used on the same day of 
preparation for the transport assays. The membranes 
were, on average, enriched 8-fold in alkaline phos- 
phatase (range 6-12-fold) and 9-fold in sucrase (range 
7-13) compared to the initial homogenate. 

Uridine transport 
Uridine uptake at room temperature (24°C) was 

measured by a rapid quench, rapid filtration technique. 
10 ~l of the vesicle suspension (50-100 ~g of protein) 
were rapidly mixed with 20 ~l of a solution containing 
mannitol, buffer, [3H]uridine (25 laCi/mi) and further 
additions as indicated in the legends. Short incubation 
times were timed using a metronome. The incubation 
was terminated by the addition of I ml of ice.cold stop 
solution containing 100 mM mannitol/200 mM NaCI/1 
mM phloridizin/1 mM Hepes-Tris (pH 7,5). The di- 
luted vesicles were quickly filtered through a pre-wetted 
nitrocellulose filter (pore size 0.45 lain). The filter was 
subsequently washed once with 5 ml of the stop solu- 
tion and dissolved in 4 ml of Optiphase T scintillation 
fluid (LKB). The time required for filtration and wash- 
ing was about 5 s. Blank values for uptake assays, due 
to trapping radioactivity on the nitrocellulose filter and 
binding to the vesicles, were determined using BBMVs 
simultaneously exposed to stop solution and [ 3 Hluridine 
at 4 ° C  and were filtered immediately. 

To test for the ability of compounds to accelerate the 
efflux of [3Hluridine from BBMVs, BBMVs were pre- 
loaded with 5 /LM [3H]uridine in the presence of 100 
mM NaSCN for 20 s in a total vol of 20 p.l. Exchange 
was then initiated by the addition of 0.5 ml of test 
compound (10 laM-1 raM) in NaSCN buffer. Transport 
was tern;Jnated as described abovc aftcr 5, 19 and 20 s. 
In control experiments, 0.5 ml of  100 mM NaSCN or 
100 mM KSCN in 10 mM Hepes/Tris  (pH 7.5) was 
added. 

The intravesicular v~,hlme of the BBMVs was de- 
termined from the distribution ratio at equilibrium (30 
min) of [3Hlglucose. The uptake of [3Hlglucose was 
determined as described above for [3H]uridine. 

All experiments were carried out in triplicate. The 
errors shown in the tables and figures are standard 
deviations. In least-squares fits to the data, points were 
weighted according to the inverse of their relative ex- 
perimental errors. 

Uridine metabolism 
BBMVs were incubated for 10 s, 10 rain and 20 min 

with 5 ttM [5,6-3H]uridine in the presence of a 100 
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mM NaCI gradient (out > in). The incubation was 
terminated as described above and the filter stirred for 
30 rain at room temperature with 250/tl of 2M NH4OH 
to extract the radioactivity. The extract (50 /zl) was 
cochromatographed with standards (uridine. uracil, 
UMP, UDP and UTP) on silica-gel-coated plates im- 
pregnated with fluorescent indicator (Whatman, 0.25 
ram). The chromatogram was run with the solvent sys- 
tem n-butanol saturated with water ( R r  values of 0.5, 
0.4. 0.03. 0 and 0 for uracil, uridine. UMP, UDP and 
UTP, respectively). The zones containing the standards 
were localized under ultraviolet light and scraped into 
scintillation vials. The rest of the lane was equally 
divided into individual zones (1 cm). Radioactivity in 
the silica powder was extracted with 1 ml of water with 
shaking for I h before the addition of scintillation fluid. 

Materials 
[5,6 - 3 H]Uridine (47.1 Ci /mmol)  and [3H]glucnse 

(40 Ci /mmol)  were obtained from New England 
Nuclear Research Products. NBMPR and dilazep were 
generous gifts from Professor A.R.P. Paterson, Cancer 
Research Group. University of Alberta, Edmonton and 
Hoffmann La Roche (Vaudreuil, Canada), respectively. 
All other reagents were of analytical grade. 

Results 

The stop solution 
Accurate determination of the rates of uridine uptake 

by use of the rapid-filtration technique depends criti- 
cally on the ability of the stop solution to prevent both 
influx and efflux of radioactivity from the vesicles after 
its addition. PreF.rninary studies thus investigated the 
time-course of release of radioactivity from BBMVs into 
various ice-cold stop solutions (Table !). Brush-border 
vesicles were incubated for 10 s with I0 p~M uridine in 
the presence of 100 mM NaCI gradient (out > in) and 
then diluted 33-fold into various ice-cold stop solutions 
that were filtered immediately or after varying periods 
of time. Stop solution A (containing 1 mM phioridizin) 
prevented the loss of intravesicular radioactivity, when 
the time between dilution and filtration was delayed. In 
contrast, ice-cold stop solutions B (containing 1 mM 
HgCI2) and C (no addition) resulted in a steady loss of 
radioactivity from the vesicles. Thus, the phloridizin- 
containing stop solution was employed in this study. 

Metabolism of uridine 
Control experiments confirmed that more than 957o 

of the intravesicular radioactivity cochromatographed 
with uridine, demonstrating that [3Hluridine was not 
metabolized by the BBMVs. 

Cation dependence of uridine uptake 
The time-course of uridine uptake (4.4/tM) by rabbit 

intestinal BBMVs is shown in Fig. 1, in the presence of 
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TABLE I 

Effect of t,ariolts stop solutior~ on nri~ne uptake 

BBMVs were incubated with l0/zM [3H|uridine in the presence of a 
100 mM NaC! gradient (out > in) for l0 s at 24°C. The incubation 
was terminated by the addition of various ice-cold stop solutions: IGO 
mM mannitol/200 mM NaC1/1 mM Hepes-Tris (pH 7.51/1 mM 
phloridizin CA), 100 mM mannitol/200 mM NaCI/! mM Hcpes-Tris 
(pH 7.5)/1 mM HgCI 2 (B) or 100 mM manr:itol/200 mM NaCI/i 
mM Hepes-Ttis (pH 7.51 (C1. Vesicles were diluted 33-fold into the 
stop solution and then filtered immediately (zero time) or left in the 
stop solution for varying limes (15-60 s) and then filtered. Values are 
the means of triplicate estimates expressed as a percentage of the 
zero-time stop solution A (11.7 pmol/mg prolein). 

Slop solution Uridine uptake (f~ of ze';: time) 

15s 30s 45s 60s 

A ( +  I mM phloridizin) 95 107 99 130 
B(+ l mM HgCI2) 44 80 73 62 
C (no addition) 86 80 72 71 

e i ther  inward ly  di rected grad ien ts  o f  100 m M  NaCI  o r  
100 m M  chol ine chloride.  Marked  s t imula t ion  o f  ur id ine  
up t ake  was  observed in the  presence o f  the N a  + electro-  
chemical  gradient ,  wi th  a t rans ient  overshoot  o f  the 
in t ravesicular  ur id ine  concen t ra t ion  above  its equi-  
l ibr ium value. The  up take  o f  ur idine  was  m a x i m u m  a t  
between 10 a n d  20 s. When  N a  + was  a t  equi l ibr ium 
across  the BBMV, n o  overshoot  o f  ur id ine  was  observed  
(da t a  no t  shown).  This  overshoot  p h e n o m e n o n  indicates  
tha t  the BBMV p repa ra t i on  is capab le  o f  ca ta lyz ing  the  
concent ra t ive  up take  o f  ur idine  in the presence  o f  a n  
inward ly  directed sod ium chlor ide  gradient ,  sugges t ing  
tha t  ur id ine  up take  is coup led  to  tha t  o f  sod ium.  In the  
presence o f  a n  initial  chol ine chlor ide  gradient ,  [3H] 
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Fig. L Time-course of uridine uptake into rabbit inlestinal BBMVs. 
Vesicl~ were incubated with 4.4 pM [3H]uridine in the presence of  
inwardly directed gradients of I00 mM NaCl (O) or IQO mM choline 

chloride (o) .  

TABLE I! 

Effect of carious numovalent cations on midine uptake 

10 lal of the vesicle suope~on were incubated with 20 pl of incuba- 
tion medium containing 100 mM of the chloride salt listed in the 
table. 10 mM Hepes/Tr[s (pH 7.5)/5 p.M [3H]uridine (final cml- 
centrations). The uptake of uridine was measured after 6 s of incuba- 
tion. Values are means4- S.D. of triplicate eztimates. 

Cation Uridine uptake 
(pmol/mg 1~ rotein per s) 

Na ÷ 1.04_+0.11 
1.i* 0.164-0.06 
Choline * 0.134-0.08 
Cs ÷ 0.09+_0.04 
K" 0.084- 0.05 
none (buffered monnitol) 0.09 +0.09 

ur id ine  up t ake  increased  over  t ime a n d  n o  overshoot  
was  a p p a r e n L  Af te r  5 min,  the int ravesicular  concen t ra -  
t ion o f  u r id ine  h a d  reached  equi l ibr ium with  the  ex- 
t ravesicular  concen t r a t i on  ( the  in t ravesicular  volume for  
the BBMV p r e p a r a t i o n  used in Fig.  1 was  0.82 p i / m g  
prote in ,  y ie ld ing  a n  in t ravesicular  ur idine  concen t ra -  
t ion,  a f t e r  5 ra in  incuba t ion  o f  4.5 p M ,  identical  to  tha t  
o f  the  ext raves icular  ur id ine  concent ra t ion) .  N a  +- 
s t imula ted  up t ake  o f  ur id ine  was  a l inear  func t ion  o f  
t ime for  the  first  6 s o f  incubat ion .  The  up take  a t  2 s 
was  therefore  t aken  to  a p p r o x i m a t e  the  initial  ra te  o f  
ur id ine  influx. Pre l iminary  d a t a  [1] have  a lso  d e m o n -  
s t ra ted  tha t  adenos ine  up take  b y  r abb i t  intest inal  
BBMVs is m a r k e d l y  s t imula ted  b y  N:. ~. However ,  in 
con t ra s t  to  uridine,  5 / t M  [3H]adenos ine  was  me tabo -  
lized b y  the  BBMVs (85~o of  the  radioact iv i ty  comi-  
g ra t ing  wi th  inosine  a f t e r  20 s uptake) .  Fu r the r  s tudies  
were  therefore  p e r f o r m e d  with  the non-metabol ized  
nucleoside,  ur idine.  

The  specif ici ty o f  extravesicular  N a  + in s t imula t ing  
ur id ine  up t ake  in BBMVs was  s tudied b y  c o m p a r i n g  the  
up t ake  o f  u r id ine  in the presence  o f  100 m M  grad ien ts  
o f  ch lor ide  salts  o f  var ious  cat ions.  Tab le  11 d e m o n -  
s t ra tes  tha t  when  a 100 m M  N a  + g rad ien t  was  replaced 
b y  g rad ien t s  o f  K +, Cs  + o r  choline,  ur id ine  up take  was  
reduced  a t  least  10-fold wi th  n o  s ignif icant  difference 
be tween  the  var ious  cat ions.  A small  enhancemen t  in 
the ra te  o f  u r id ine  flux was  observed wi th  a 100 m M  
Li + gradient ,  b u t  this  was  no t  s ignif icanL These results 
d e m o n s t r a t e  the  h igh  sod ium specificity for  ur id ine  
up take  b y  BBMVs and ,  in fur ther  experiments ,  the 
sod ium-dependen t  c o m p o n e n t  o f  ur idine  t r anspor t  was  
ca lcu la ted  as  t ha t  in the  presence o f  NaCI  minus  tha t  in 
the presence o f  chol ine  chloride.  

Effect o f  extravesicular osmolarity on uridine uptake by 
B B M V s  

The  effect  o f  extravesicular  osmolar i ty  o n  the  equi-  
l ibr ium value o f  ur id ine  up take  b y  BBMVs (20 min)  is 



12 

F 

T 

l /O~mo~- i ty  (OsM "1 ) 

Fig. 2. Effect of extravesicular osmolarity on equilibrium uptake of 
uridine. Vesicles were prepared in 300 mM mannitol/10 mM 
Hepes/Tt~ (pH 7.5) and suspended in a buffer containing varying 
concentrations of ceUobiose to vary the extravesicolar c~raolarity. 
Uptake of 5 /LM [3H]uridinc at the cxtravesicular osmolarity was 
determined after incubation for 20 min and plotted as a function of 
the reciprocal of the extravesicular osmolarity. Data reported are the 
means of two separate experiments. The regression line was calculated 

by the Icast-squares method (regression coefficient 0.948). 

shown in Fig. 2. The osmolari ty of the extravesicular 
medium was varied by changing the concentrat ion of 
cellobiose. The uptake  of uridine was inversely propor- 
t ional to the extravesicular osmolari ty aed  the intercept 
on  the vertical axis a t  inf'mite extravesicular osmolari ty 
(zero intravesicalar  space) was not  significantly differ- 
ent  from zero. These results suggest tha t  uridine associ- 
ated with the BBMVs is due  to t ransport  of uridine 
across the membrane into an osmotical ly sensitive in- 
travesicular space and,  furthermore, there is no signifi- 
cant  b inding of urid:,ne to the membrane.  Previous 
experiments with other  solutes, for example,  glycine and 
glucose, have shown a s imilar  behaviour  [22,23]. 

Kinetics of uridine transport 
The e o n c e n t ~ o n  d_%pendence of __~,~di_um~ependent 

uridine influx is i l lustrated in Fig. 3. Uridine influx wa~ 
saturable and the l ineari ty of  the s l y  vs. s plot  indi- 
cates that  the da ta  conform to simple Michaelis-Menten 
kinetics. Least-squares analysis  of  the s l y  vs. s plot  
yielded an  apparent  K m value of  4.3 4- 0 .9 / tM with an  
apparent  Vm~ of  7.7 4- 0.5 p m o l / m g  protein per  s. The 
mean values of the kinet ic  constants  from three separate 
experiments were 6.4 + 1.1 FM for the K m with a Vma x 
est imate of  9.1 + 3.6 p m o l / m g  protein per  s (mean + 
S.E.). Uridine influx in the presence of  choline chloride 
as a function of solute concentrat ion was l inear (data  
not  shown), suggesting that  uptake  in the presence of  
choline represents simple diffusion. 

The range in Vm~ values and uptake  rates from one 
experhnent  to another  was approx. 4-fold. Po~ib le  rea- 
sons for this  variat ion are animal  variation, differential 
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membrane damage,  such as proteolysis, and  oxidation 
of the membrane proteins during BBMV preparation, 
possible dietary effects on the expression of the trans- 
port  protein and heterogeneity of transport  from the 
villus to the crypt  of the rabbit  small  intestine. The 
digestive and absorpt ive function of the small intestine 
changes markedly along the villus crypt axis [24]. 

Inhibition of transport by nucleosides 
The substrate specificity of uridine uptake by intesti- 

nal brush-border  membranes was investigated by two 
different, but  complementary,  approaches. In the first 
study, the abil i ty of  nucleosides to inhibit  uridine influx 
into BBMVs in the presence of  100 mM extravesicular 
NaCI or choline chloride was examined. Table i l l  shows 
that  both purine and pyrimidine nucleosides are effec- 
tive inhibitors of sodium-dependent  uridine influx. In 
contrast ,  glucose (1 raM) and the facilitated diffusion 
nucleoside transport  inhibitors, NBMPR,  dilazep and 
dipyr idamole  (all at  10 / tM) failed to inhibit  uridine 
influx in the presence of either NaCI or  choline chlo- 
ride. Similarly, the nucleoside competi tors  had no effect 
on uridine uptake  in the presence of choline chloride 
(data  not  shown). In the second approach, membrane 
vesicles were preloaded with [3H]uridine (5 ItM) and 
then the efflux of [3H]uridine into 100 mM NaSCN 
buffer alone (i.e., equal  concentrat ion of  Na  across the 
BBMV) or 100 mM NaSCN buffer containing nucleo- 
side was examined. All of the nucleosides tested stimu- 
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Fig. 3. Concentration dependence of sodium-dependent uridine influx 
by rabbit intestinal BBMVs. Membrane vesicles were incubated with 
[3H|uridine (final concentrations 0-50 FM) in the presence of 100 
mM NaCI or choline chloride. Initial rates were calculated from the 
uptake at 2 s. The Na÷-dependent flux was taken as the rate in the 
presence of NaCI minus that in the presence of choline chlmide for 
each concentration of substrate. Inset: sly vs. s plot of the data. A 
least-squares fit to this plot yields Km=4.3"1"0.9 FM (S.E.) with 
V,m = 7.7+0.5 pmol/mg protein per s. with r = 0.993. These kinetic 

parameters were used to draw the curve shown. 
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lated the ra te  of  [3H]uridine efflux, indica t ing  carr ier-  
media ted  exchange  of  the nucleosides.  F o r  example,  the 
percentage  o f  [3H]uridine retained in the BBMVs af te r  
l 0  s efflux in to  10 ~ M  adenos ine  a n d  thymid ine  was  51 
a n d  73~,  respectively, as compared  to buf fe r  alone.  
N B M P R  (10 ~M)  h a d  n o  effect on  the ra te  o f  ur idine  
efflux a n d  when a N a  ÷ gradient  was  imposed  b y  initiat-  
ing efflux b y  add ing  100 m M  K S C N ,  the ra te  o f  efflux 
was  s t imulated 5-fold. These results demons t r a t e  tha t  
ur id ine  efflux is no t  media ted  b y  the NBMPR-sens i t ive  
non-concent ra t ive  nucleoside car r ie r  a n d  is N a * - d e p e n  - 
dent .  Fur thermore ,  the results also suggest  tha t  Na÷-de  - 
penden t  t ranspor t  o f  the nucleosides tested is by  a 
single c o m m o n  carrier ,  a ld :ough  the results d o  no t  
exclude the  possibil i ty o f  o the r  N a * - d e p e n d e n t  nueleo- 
side pa thways .  Consis tent  with this suggest ion was  the 
f inding tha t  l m M  glucose, which is t r anspor t ed  b y  a 
Na+-dependen t  sys tem in rabb i t  intest inal  BBMVs [25], 
failed to  exchange  with [3H]uridine,  demons t r a t i ng  tha t  
the exchange  observed was  no t  a non-specif ic  effect due  
to  N a  + cycling. 

Effect  o f  sodium on uridine transport 
The sod ium dependence  o f  ur id ine  up take  was  ex- 

p lored  fur ther  b y  measur ing  the initial  flux of  ur id ine  (5 
~ M )  as a func t ion  o f  the extracel lular  N a  + concen t ra -  
t ion (0 -100  mM).  Fig.  4 A  demons t ra tes  tha t  there was  a 

TABLE ill 

Effect of nucleosides, transport inhibitors and glucose on sodium-depen- 
dent uridine influx 

The uptake of uridine at 22°C was initiated by addition of BBMVs to 
medium containing (final concentration) 5 FM [3H]uridine/100 mM 
NaCI or choline chloride and test compound. For NBMPIL dilazep 
and dipyridamole. BBMVs were preincubated with these compounds 
for 5 rain before addition of [3H]uridine. Influx was terminated after 
2 s and the Na+-dependent cot, ponent of uptake calculated as that in 
the presence of NaCI minus that in the presence of choline chloride. 
The test compounds had no effect on uridine influx in the presence of 
choline chloride (dz,~- no: _~ho:.'m-). Va!u~ are show, as a percentage 
of the control flux and are the mean values from at least three 
separate experiments. Control Na+-dependent flux value 5.2_+0.6 
pmol/mg protein per s. n.d., not determined. 

Inhibitor % Uridine influx 

Final inhibitor concentration (/LM) tO 50 

Adenosine 4 7 +  5 13=i= 1 
2-Chloroadenosine 52_+ 9 33+ 4 
lnosine 48-+ 3 20+ l 
Deoxyinosine 50 + 4 23-+ 1 
2-Deoxyuridine 72+ 3 36-+ 2 
5-Fluorouridine 69-+ 4 29+ 3 
Thymidine 73_+ 8 44+12 
Cytidine 92+ 6 70d: 3 
NBMPR 107-+18 n.d. 
Dilazep 109+ 5 n.d. 
Dipyridamole 100-+ 6 n.d. 

Glucose(1 raM) 104_+ 5 
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Fig. 4. Sodium-dependent uridine flux as a function of the sodium 
concentration. 13HlUridine (5 /~M) uptake was measured in the 
presence of varying extravesicular concentrations of NaCI (0-100 
mM). Choline replaced sodium isosmofically to obtain the various 
sodiunl concerns-argolis studied. Uptake was measured after 2 s 
incubation. Panel A: plots of uridine uptake vs. sodium concentration. 
Panel B: plot of flux/[Na]" vs. flux for n =1. Linearity of the plot is 
indicative of the involvement of one sodium ion per uridine molecule 

transpogted (also see text). 

hyperbol ic  re la t ionship  be tween ur idine  flux a n d  N a  + 
concent ra t ion ,  sugges t ing  a m i n i m u m  s o d i u m : u r i d i n e  
s to ich iometry  o f  1 : 1. The  d a t a  were also analyzed us ing 
the Hill  equa t ion  [26]. 

flux = V~, INa l " / (  K~a + [Nal" ) 

where  KN~ is the  [Na]  giving 50% of  V,,~ a n d  n is the 
Hill coefficient .  A p lo t  o f  f l u x A N a ] "  agains t  f lux for  
the cor rec t  value o f  n will yield a s t ra ight  line. Fig. 5B 
shows the  results  o f  such  a plot  o f  the da t a  in Fig.  5A 
a s suming  n = 1. A s t ra ight  line was  observed wi th  n = 1 
a n d  KNa = 14 + 4 m M ;  a result  consis tent  with a single 
N a  + b ind ing  site o n  the carr ier .  

Discussion 

Previous repor t s  [18,19] have  shown tha t  guinea-p ig  
enterocytes  a n d  cu l tu red  ra t  intest inal  cells possess ac-  
tive t r anspor t  sys tems for  nucleosides.  The  present  re- 
sults ex tend  these observa t ions  a n d  fur ther  suggest  tha t  
the s o d i u m . d e p e n d e n t  ur idine  t r anspor te r  is located a t  
the b rush -bo rde r  m e m b r a n e  surface  o f  the r abb i t  in- 
testine. This  does  no t  exclude the possibil i ty o f  act ive 



nucleoside transport systems at the basolateral mem- 
brane surface of the intestinal cell and to date there 
have been no direct studies on nuclcoside transport at 
the basolateral side. 

Measurements of nucleoside transport by intact cells 
is often complicated by rapid intracellular metabolism 
of the nucleoside. However, by using BBMVs, we were 
able to demonstrate no metabolic conversion of the 
[3H]uridine. We also found that uridine is taken up into 
an osmotically active space, indicating that we are indeed 
measuring the transport of uridine and not its binding 
to the BBMV (Fig. 2). Uridine uptake was markedly 
enhanced by sodium (Fig. 1 and Table II) but showed 
little if any stimulation by the other monovalent cations 
tested in Table 11. Similar results have recently been 
reported for Na+-dependent uridine influx by outer 
cortical rabbit renal BBMVs [18]. In contrast, a K+-de - 
pendent uridine transport system as well as a Na+-de - 
pendent uridine carrier have been suggested to be pre- 
sent in rat renal BBMVs [27]. 

Kinetic analysis of the sodium-dependent component 
of uridine flux indicated a single transport system obey- 
ing Michaelis-Menten kinetics with Km value of 6.4 + 
1.1/tM and Vm~ = 9.1 + 3.6 pmol/mg protein per s as 
measured under zero-trans conditions at 100 mM NaCI 
and 24°C (Fig. 3). This K m is close to that estimated 
for Na+-dependent uridine transport by renal BBMVs 
(Refs. 15,16 and Lee et ai., unpublished results), but is 
about 20-fold lower than that observed for the facili- 
tated-diffusion nuclcoside carriers [1,2]. A variety of 
put/he and pyrimidine nucleosides (Table IIl) were able 
to inhibit Na+-depeodent uridine transport by rabbit 
intestine BBMVs, suggesting that these nucleosides are 
substrates of the same system. Inhibition by these 
nucleosides is unlikely to be due to secondary effects, 
i.e., transport by a different system that eliminates the 
electrochemical gradient thereby decreasing uridine in- 
flux, since D-ghicose. which is known to be transported 
in a Na+-dependent manner with a Vma x approx. 16-fold 
greater than the Na+-dependent uridine Vm~ ~ [25], had 
no inhibitory effect on uridine influx. Moreover, the 
nucleosides that inhibited Na+-dependent uridine influx 
also stimulated uridine efflux demonstrating that these 
nucleosides are transported on a common system with a 
broad specificity. These findings contrast with those 
conducted on the properties of Na+-dependent uridine 
uptake by rat and rabbit renal cortical BBMVs and 
murine splenocytes (Refs. 17, 28 and Lee et al., unpub- 
lished results). In rat and rabbit renal cortical BBMVs, 
Na+-dependent uridine influx is inhibited by pyrimi- 
dine nucleosides, adenosine and adenosine analogues 
(Ref. 28 and Lee et al., unpublished results). Inosine 
was a poor inhibitor of uridine transport. However, 
Na+-dependent uridine transport by routine splenocytes 
was inhibited by purine nucleosides, including inosine, 
but pyrimidine nucleosides had no effect [17]. There- 
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fore. it seems likely that there exist a number of Na +- 
dependent nucleoside transporters with different sub- 
strate specificities that may depend on both the species 
and the tissue. Alternatively, some of the differences 
reported in substrate specificity might reflect metabo- 
lism of the competitors, and further comparative studies 
will be required before coming to any firm conclusion 
on the number of different Na+-dependent nucleoside 
transporters. One property that does appear to be com- 
mon to all the Na+-dependent nuclcoside transporters 
studied to date is that they are resistant to inhibition by 
the facilitated-diffusion nucleoside transport inhibitors, 
NBMPR, dilazep and dipyridamole (see Table 111) 
[15,191. 

The sodium:uridine coupling stoichiometry was 
determined by the activation method and yielded a 
minimum stoichiometry of 1 Na + : 1 uridine, similar to 
that proposed for the uridine cotransporter in rabbit 
and rat renal cortical BBMVs [27,28]. Hill plots gave 
slope of 1, indicating a single class of noninteracting 
Na + sites. A more direct method to measure the 
stoichiometry, such as the "static head method', as intro- 
duced by Turner and Moran [29], was not possible due 
to the relatively low uridine transport rate and hence a 
poor signal-to-noise ratio when concentrations of both 
uridine and sodium were varied. 

In conclusion, the present results have established 
the presence of a high-affinity, broad specificity sodium 
cotransporter system for nucleosides in rabbit intestinal 
BBMVs. Further studies are now required to char- 
acterize nucleoside and nuclcohase transport across the 
intestinal basolateral membrane to further understand 
the mechanism involved in the transfer of nucleosides 
from the lumen of the gut 1o the blood. 

Acknowledgements 

This research was supported by grants from the 
Medical Research Council and the Nuffield Founda- 
tion. 

References  

I Jarv~s. S.M. (1987) in Topics and Perspectives in Adenosine Re- 
search (Gerlach, E. and Becker, B. eds.) pp. 102-117 Springer, 
Berlin. 

2 Jarvis, S.M. and Young, J.D. (1987) Pharmacol. Ther. 32. 339-359. 
3 Jarvis, S.M.. Hammond. J.R., Paterson, A.R.P. and Clanachano 

A.S. 0983) Biochem. J. 210, 457-461. 
4 Jarvis. S.M. (1986) MoL Pharmacol. 30, 659-665. 
5 Paterson, A.R.P.. Harley, E.R. and Cass. C.E. (1984) Biochem. J. 

224,1001-1008. 
6 Jarvis, S.M. and Young, J.D. (1981) Biochem. J. 194, 331-339. 
7 Wu, J-S, Kwong, F.Y.P,. Jarvis, S.M. and Young, J.D. (1983) J. 

Biol. Chem. 258,13745-13751. 
8 Tse. C.M.. Belt. J.A.. Jarvis, S.M., Paterson, A.R.P.. Wu, J-S and 

Young. J.D. (1985) J. Biol. Chem. 260. 3506-3511. 
9 Belt, J.A. (1983) Mol. Pharmacol. 24, 479-484. 



138 

10 Belt, J.A- and Noel LD.  (1985) Bioehcm. J. 232, 681-688. 
11 Plagemann. P.G.W. and Wohlhueter, P-M. (1984) Biochim. Bio- 

phys. Acta 773, 39-52. 
12 Lee, C.W. and Jawis, S.M. (1988) Bioehera. J. 249, 557-564. 
13 Lee, C.W. and Jands. S.M. (1988) Neuroehem. InL 12, 483--492. 
14 Jal~is, S.M. and Young, J.D. (1986) J .  Membr. Biol. 93,1-10. 
15 Le Hit, M. and Dubach, U.C. (1985) Pflugers Arch. 404, 238-243. 
16 Williams, T.C. and Jarvis, S.M. (1987) Bioehem. Soe. Trans. 15, 

1134-1135. 
17 Damowski, J .W, Holdridge, C. and Handschumacher, R.E (1987) 

Cancer Re~. 47, 2614-26!9. 
18 Schwenk, M,  Hegazy, E. and l.opez Del Pino, V (1984) Bioch/m. 

Biophys Acta 805, 370-374. 
19 Jakobs, E.S. and Pate~rson, A.R.P. (1986) Bioehen~ Biophys. Res. 

Commun. 40,1028-1035. 
20 Muter, IL and Kinne. It. (1980) J. Membr. Biol. 55, 81-95. 

2 ! Kessler, M_ Acuto, O .  StofellL C .  Muter, H .  Muller, M. and 
Semenza. G. (1978) Biocldm. Biophys. Acta 506.136-154. 

22 l-lammerma~ M.IL and Sacktor, B. (1982) Biochim. Biophys. Acta 
686° 189-196. 

23 Kinne. R~ Muter, H .  Kinnc-Saffran, E .  Thees. M. and Sachs. G. 
(1975) J. Membr. BioL 21, 375-395. 

24 Smith, M.W. (1985) Annu. Rev. Physiol. 47° 247-260. 
25 Peerce. B.E. and Wright, EM. (1984) J. Biol. Chem. 259, 

14105-14112. 
26 Segel, I.FL (1975) Enzyme Kinetic, Wiley. New York. 
2"/ Lee. C.W~ Cheeseman, C.I. and Jafvis, S.M. (1988) Biochim. 

Biophys. Acta 942,139-149. 
28 Williams. T.C. and Jarvis, S.M. (1~88) Biochem. Soe. Trans, in 

press. 
29 Turner. RJ .  and Moran. A. (1982) J. Membr. Biol. 67. 73-80. 


