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Summary 

The transport  processes for uridine, deoxycyt idine,  uracil, adenine and hypo- 
xanthine require an energy source and are active under anaerobic or aerobic 
conditions. Inhibitory effects of  cyanide, arsenate, carbonylcyanide m-chloro- 
phenylhydrazone,  2,4<linitrophenol and N,N'-dicyclohexylcarbodiimide on the 
transport  of  uridine and deoxycyt id ine  differ from the corresponding effects 
on the transport  of uracil, adenine and hypoxanthine.  The nature of  these 
inhibitory effects supports the conclusion that uridine and deoxycyt id ine  trans- 
por t  is energized either by electron transport  or by ATP hydrolysis via (Ca 2÷ + 
Mg 2÷)-ATPase. The transport  of  uracil, adenine and hypoxanthine is dependent  
upon ATP or some high energy phosphate derivative of  ATP, bu t  is indepen- 
dent  of  (Ca 2÷ + Mg2+)-ATPase and electron transport.  Uptake of  the ribose 
m o i e t y  of  uridine by a mutant  of  Escherichia coli B, which lacks the transport  
system for uracil and intact uridine, is neither stimulated by energy sources nor 
inhibited by various inhibitors of  energy metabolism under either aerobic or 
anaerobic conditions. 

In t roduct ion 

It is well known that  several amino acids and carbohydrates are transported 
in Escherichia coli against a concentrat ion gradient in unmodified form [1,2].  
More recently,  investigations from this laboratory [3--5] and others [6,7] have 
shown that  certain nucleosides, pyrimidines and purines are accumulated intra- 
cellularly in unchanged form indicating an active transport  process for these 
substrates. Little is known about  how metabolic energy is coupled to the active 

Abbreviations: c c c P ,  Carbonylcyanide m-chlorophenylhydrazone; DCCD, N,N'-dicyclohexylcarbodi- 
imide. 
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transport  of  these bases and nucleosides relative to published information con- 
cerning the mechanism of energy coupling for the active transport  of  amino 
acids and carbohydrates  in E. coli. Kaback [8] and Klein and Boyer  [9] have 
shown that ATP and other  high-energy phosphate compounds  axe not  directly 
involved in active transport.  Kaback and co-workers proposed [8,10] that  
active transport  is directly coupled to a port ion of  the electron transport  chain. 
More recently evidence has been presented indicating that anaerobic transport  
of/3-galactosides and amino acids in E. coli whole cells and membrane vesicles 
is also driven by electron transfer [11,12].  Others have suggested that  a high 
energy membrane state derived from either respiration or ATP hydrolysis via 
(Ca 2++ Mg2+)-ATPase is the immediate energy source for active transport  in 
bacteria [9,13--15].  Other transport  systems such as those for certain amino 
acids [14,15] ,  D-ribose [16],  glycylglycine [17] and galactose [18] transport 
systems utilize ATP or some high-energy compound derived from ATP to drive 
active transport.  The latter transport  systems do not  utilize ATP hydrolysis via 
(Ca 2÷ + Mg2+)-ATPase. 

It has recently been shown that  strains of  E. coli which cannot metabolize 
cytidine and uridine retain the capacity to effectively transport  and concen- 
trate these nucleosides several hundred-fold [ 19]. These studies firmly establish 
that  nucleosides are transported, as such, by  active transport  systems and pro- 
vide clear confirmation of  earlier evidence for such transport  systems [20--25].  

The mechanism by  which the free bases are transported is less clearly estab- 
lished. Hochstadt  [26] has reviewed evidence that  phosphoribosyltransferase 
enzymes are involved in a group translocation process in E. coli whereby the 
bases axe transported into the cells as the nucleoside monophosphates .  Others 
[4,27,28] presented evidence that  the bases may be transported into the cells 
wi thout  participation of  phosphoribosyltransferase enzymes. Jackman and 
Hochstadt  [29] reported recently that  there are two transport systems for 
hypoxanthine in Salmonella typhimurium; one transports the free base, the 
other  involves phosphoribosyltransferase in a group translocation process. 
Although the precise mechanism involved in the transport  of  the bases is 
controversial, the assay conditions used in the present studies measure a single 
transport  system in each case [4,5].  Therefore, the conclusions axe applicable 
to either of  the proposed mechanisms for base transport.  

The objective of  the present work was to investigate the means by which 
energy coupling occurs in the active transport  of  deoxycytidine,  uridine, uracil, 
adenine and hypoxanthine  in E. coli B. Various metabolic inhibitors were used 
to determine whether  phosphate bond energy, electron transport,  or an ener- 
gized membrane state derived either from electron transport  or ATP hydrolysis 
via membrane-bound (Ca2+ + Mg2+)-ATPase is the primary energy donor  for 
their  uptake. 

Materials and Methods 

Materials. All 14C-labeled compounds  were obtained from New England Nu- 
clear. Tetrahydrouridine was supplied by  Dr. Harry B. Wood, Drug Research 
and Development,  Division of  Cancer Treatment,  National Cancer Institute. 

Isolation o f  mutants  and growth o f  cells. Two mutants  o fE .  coli B, mutant  
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U- and mutan t  U-UR-,  were utilized to facilitate these studies. The transport 
characteristics and isolation of these mutants  have been described by Leung 
and Visser [5]. Mutant  U- lacks the capacity to transport uracil whereas trans- 
port  of  nucleosides, purines and other bases is the same as in E. coli B. Mutant  
U-UR- lacks the uracil transport system as well as the ability to transport 
intact uridine. Both of these mutants  retain the ability to transport the ribose 
moiety of uridine in an amount  equal to that  of the uracil moiety of uridine 
formed in the medium [5]. The transport of  the ribose moiety by E. coli B is 
clearly a process which is distinct from the transport of ribose [5]. The parent 
and the mutan t  strains were grown aerobically at 37°C in minimal medium 
[30] with glucose as energy source. Acetate was used as a carbon source during 
growth of the cells when acetate was used in the uptake assays. Cells were 
harvested in midlog phase, washed twice by centrifugation in either medium A 
(minimal medium [30] wi thout  glucose) or medium B (0.1 mM Tris, 0.25 mM 
MgSO4, 15 mM KC1, 7.5 mM (NH4)zSO4, pH 7.0). Cells were resuspended in the 
same medium to a density of  5 • 109 cells/ml. 

Assay for uptake. Unless otherwise noted, the standard reaction mixture 
(1 ml) contained parent strain E. coli B, mutant  U- or mutan t  U-UR- cell sus- 
pension {equivalent to 0.4--0.5 mg, dry weight) in medium A or B. E. coli B 
was used when uptake of uracil, adenine, hypoxanthin~ or deoxycytidine was 
measured [3,4]. Mutant  U- was used when uptake of intact uridine was mea- 
sured [5]. This mutan t  lacks the transport system for uracil, therefore measure- 
ment  of uridine uptake is not  complicated by the transport of  uracil formed in 
the medium from uridine by periplasmic uridine phosphorylase [5]. The trans- 
port  of  the ribose moiety of uridine was measured by the use of mutant  U-UR- 
[5], which lacks the transport system for uracil as well as intact uridine. Up- 
take of  the ribose moiety of uridine by this mutant  can be determined wi thout  
concomitant  uracil and intact uridine uptake. The assay mixtures were prein- 
cubated for 10 min at 37°C with or without  the indicated energy source. The 
reaction was initiated by the addition of the '4C-labeled base, uridine or deoxy- 
cytidine. Uptake of bases and uridine was measured after 30 s incubation at 
37°C. Unless otherwise noted the uptake of  deoxycytidine was measured after 
1 min incubation at 37°C. In all experiments the substrate concentration for 
adenine, hypoxanthine  and uracil was 5 ~M and that  for uridine and deoxy- 
cytidine was 20 pM. The specific activities of  the radioactive substrates were as 
follows: [2-14C] uracil, 2--50 Ci/mol; [8-14C]adenine, 10--50 Ci/mol; [8-14C]- 
hypoxanthine,  6--55 Ci/mol; [2-14C]uridine, 2--50 Ci/mol; and deoxy[2-14C]- 
cytidine, 1--29 Ci/mol. Inhibitors were added just prior to the preincubation 
period except for DCCD which was added to the cell suspension and incubated 
overnight at 4°C [9]. Tetrahydrouridine (205 pM), an inhibitor of periplasmic 
deoxycyt idine deaminase [3], was added just prior to the preincubation period 
only when deoxycyt idine was used as substrate. Aerobic uptake was measured 
in open test tubes with shaking. Anaerobic uptake was measured in closed 
test tubes containing a small port  to allow for the escape of  gases and the addi- 
tion of substrate. Nitrogen was bubbled through the reaction mixture during 
the preincubation and incubation time periods. After incubation for the indi- 
cated period of  time, the reactions were terminated and the cells were filtered, 
washed and counted,  as described previously [22] except that  the dilution of 
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the reaction mixtures and the washing procedures were carried out st room 
temperature. 

The uracil found in the medium after incubation with [14C]uridine has been 
reported to be equivalent to the amount of  ribose moiety uptake in mutant 
U-UR-  [5].  Therefore, uptake of  the ribose moiety of  uridine in this mutant 
was measured as the amount of  uracil excreted in the medium from [2-14C] - 
uridine. 

Analysis of products in E. coli cells and in medium after incubation with 
14C-labeled bases or nucleosides. Analysis of  the intracellular and extracellular 
radioactive products was carried out as described previously [3,4,23] except 
that the medium was collected immediately after the indicated incubation time 
periods and heated in a boiling water bath for 2 min without prior dilution of  
the reaction mixture with medium A or B. Intracellular concentrations were 
based on an intracellular volume of  1 pl/0.4 mg dry weight [31].  

Results 

Uptake of  deoxycytidine,  uridine, uracil, adenine and hypoxanthine in the 
absence of  energy sources under aerobic or anaerobic conditions is very 10w 
(Table I). Addition of  acetate, lactate or glucose greatly increases the rate of  

T A B L E  I 

E F F E C T  O F  E N E R G Y  S O U R C E S  ON T H E  U P T A K E  OF D E O X Y C Y T I D I N E ,  U R I D I N E ,  U R A C I L ,  
A D E N I N E  A N D  H Y P O X A N T H I N E  BY E. C O L I  B A N D  M U T A N T  U -  

U p t a k e  w a s  m e a s u r e d  u n d e r  s tandard  assay  c o n d i t i o n s  in m e d i u m  A ,  w i t h  the  i n d i c a t e d  c a r b o n  sources .  
A c e t a t e  w a s  u s e d  as t h e  c a r b o n  s o u r c e  d u r i n g  g r o w t h  o f  t h e  ce l l s  w h e n  a c e t a t e  w a s  u s e d  in the  u p t a k e  

assays .  

Strain Subs tra te  A d d i t i o n  U p t a k e  ( p m o l / 3 0  s) 

+0 2  ---02 

E. coli  B D e o x y c y t i d i n e  N o n e  30 
5 m M  glucose 1070  

15 m M  a c e t a t e  1055  
10 m M  D-lac ta te  290 

M u t a n t  U -  Ur id ine  N o n e  12 
5 m M  glucose 1250  

10 m M  D-lac ta te  303 

E. col i  B Uraci l  N o n e  4 
5 m M  glucose 352  

15 m M  a c e t a t e  69 
10 m M  D-lac ta te  89 

E. col i  B A d e n i n e  N o n e  48 
5 m M  glucose 787 

1 5  m M  a c e t a t e  3 8 8  
10 m M  D-lac ta te  254  

E. col i  B H y p o x a n t h i n e  N o n e  7 
5 m M  glucose  724 

15 m M  ace ta t e  126 
10 m M  D-lac ta te  128 

39 
986  

n.d.  
n.d.  

10 
1110  

n.d.  

( 1 1 5 9 )  * 

6 
104  
n.d.  
n.d.  

55 
771 
n.d.  
n.d.  

6 
432  
n.d. 
n .d .  

* pmol/min. 
n .d . ,  n o t  d e t e r m i n e d .  
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T A B L E  II 

E F F E C T  O F  K C N  O N  T H E  U P T A K E  O F  D E O X Y C Y T I D I N E ,  U R I D I N E ,  U R A C I L ,  A D E N I N E  A N D  
H Y P O X A N T H I N E  BY E. C O L I  B A N D  M U T A N T  U -  

U p t a k e  was  m e a s u r e d  u n d e r  s t a n d a r d  as say  c o n d i t i o n s  in  m e d i u m  A and  in the  p r e s e n c e  o f  t he  i n d i c a t e d  

c o n c e n t r a t i o n s  o f  K C N .  Cells u sed  for  t he  a s says  w e r e  g r o w n  in t h e  p r e s e n c e  o f  g l y c e r o l .  10 m M  lac t a t e  
was  used  fo r  a s s a y s  u n d e r  aerob i c  c o n d i t i o n s  and  5 m M  g lucose  w a s  used  fo r  a ssays  u n d e r  a n a e r o b i c  con-  
d i t ions .  

S t r a in  S u b s t r a t e  K C N  U p t a k e  (%) 

( m M )  

+ 0 2  ---02 

E. coli B D e o x y c y t i d i n e  

M u t a n t  U -  U r i d i n e  

E. coli B Uraci l  

E. coli B A d e n i n e  

E. coli B H y p o x a n t h i n e  

N o n e  100  (290 )  * 100  (718 )  * 

0 .2  23 95  
10 20 90  
20 10 n.d.  

N o n e  100 (303 )  * 100 ( 1 2 9 8 )  * 
0 .2  13 86 

10 6 90  

N o n e  100  (89)  * 100  (110 )  * 
0 .2  10 93 

10 7 76 

20 n .d .  75 

N o n e  100  (403 )  * 100  (798 )  * 

0 .2  7 99 
10 2 100  

20 n .d .  80 

N o n e  100  ( 1 2 5 )  * 100  (432)  * 

0 .2  6 n.d.  

10 1 100  
20 n.d.  75  

* p m o l / 3 0  s. 
n .d. ,  n o t  d e t e r m i n e d .  

uptake,  although the st imulatory effect  is somewhat  variable and dependent  
upon the energy source. 

It has been reported that  oxidative phosphorylat ion is depressed in E. coli B 
when cells are grown in the presence of  glucose [32],  bu t  not  in cells grown in 
acetate or glycerol. Therefore, the effects of  acetate, lactate and glucose on up- 
take of  each of  the substrates were compared in cells grown in glycerol, acetate 
and glucose. It was determined that the energy source utilized for growth of  
the cells does not  influence the transport  properties of  these cells. 

Aerobic uptake  of  deoxycyt idine ,  uridine, uracil, adenine and hypoxanthine 
is inhibited about  80--90% by 0.2 mM KCN (Table II). Anaerobic uptake of  
the bases and nucleosides is only slightly inhibited in the presence of  0.2 mM 
KCN, and even in the presence of  20 mM cyanide uptake is inhibited only 
about  20%. 

The anaerobic and aerobic uptake of  adenine, hypoxanthine and uracil is 
strongly inhibited by arsenate (Table III). However,  the inhibitory effect  of  
arsenate on deoxycyt id ine  and uridine uptake is much more pronounced under 
anaerobic conditions than under aerobic conditions. The transport  of  the bases 
and the nucleosides is stimulated by the presence of  phosphate ion at anaerobic 
and aerobic condit ions (Table III). Deoxycyt id ine  uptake is more markedly 
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T A B L E  I I I  

E F F E C T  O F  A R S E N A T E  A N D  P H O S P H A T E  O N  T H E  U P T A K E  O F  D E O X Y C Y T I D I N E ,  U R I D I N E ,  
U R A C I L ,  A D E N I N E  A N D  H Y P O X A N T H I N E  B Y  E. C O L I  B A N D  M U T A N T  U -  

T h e  u p t a k e  w a s  m e a s u r e d  u n d e r  s t a n d a r d  a s s a y  c o n d i t i o n s  i n  m e d i u m  B a n d  i n  t h e  p r e s e n c e  o f  t h e  i nd i -  

c a t e d  c o n c e n t r a t i o n s  o f  p o t a s s i u m  p h o s p h a t e  o r  p o t a s s i u m  a r s e n a t e .  A e r o b i c  u p t a k e  w a s  m e a s u r e d  i n  t h e  

p r e s e n c e  o f  1 5  m M  a c e t a t e  a n d  a n a e r o b i c  u p t a k e  w a s  m e a s u r e d  i n  t h e  p r e s e n c e  o f  5 m M  g l u c o s e .  

S u b s t r a t e  P h o s p h a t e  A r s e n a t e  U p t a k e  (%)  

( m M )  ( r a M )  

+ 0  2 - - 0  2 

D e o x y c y t i d i n e  6 6  0 1 0 0  1 0 0  
0 0 3 4  8 

0 1 9 6 

0 10  3 1 

1 3 . 2  0 8 7  6 2  
1 3 . 2  10  6 4  18  

U r i d i n e  6 6  0 1 0 0  1 0 0  

0 1 0  11  5 
6 .6  0 8 4  66  
6 .6  1 0  3 8  19  

1 3 . 2  0 8 5  1 0 0  
1 3 . 2  1 0  54  24  

U r a c i l  6 6  0 1 0 0  1 0 0  
0 0 4 9  77  
0 1 7 7 
0 10  0 0 

A d e n i n e  6 6  0 1 0 0  i 0 0  

0 0 37  73  

0 1 10  5 
0 10  1 0  4 

H y p o x a n t h i n e  6 6  0 1 0 0  1 0 0  

0 0 4 5  6 4  

0 0 . 5  5 8 
0 1 2 4 

T A B L E  I V  

E F F E C T  O F  A R S E N A T E  O N  I N T R A C E L L U L A R  D I S T R I B U T I O N  O F  R A D I O A C T I V I T Y  D E R I V E D  

F R O M  D E O X y [ 1 4 C ] C Y T I D I N E  

U p t a k e  w a s  m e a s u r e d  u n d e r  s t a n d a r d  a s s a y  c o n d i t i o n s  i n  m e d i u m  B a n d  i n  t h e  p r e s e n c e  o f  1 3 . 2  m M  p h o s -  

p h a t e  a n d  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  o f  a r s e n a t e .  I n c u b a t i o n  w a s  f o r  1 r a i n .  T h e  e n e r g y  s o u r c e s  f o r  u p -  
t a k e  s t u d i e s  w e r e  1 5  m M  a c e t a t e  f o r  t h e  a e r o b i c  a s s a y s  a n d  5 m M  g l u c o s e  f o r  t h e  a n a e r o b i c  a s s a y s .  D i s t r i -  
b u t i o n  o f  i n t r a c e l l u l a r  r a d i o a c t i v i t y  w a s  d e t e r m i n e d  a s  i n d i c a t e d  i n  t h e  t e x t .  

A r s e n a t e  0 2 T o t a l  N u c l e o t i d e s  D e o x y c y t i d i n e  U r a c i l  
u p t a k e  ( # M )  * ( # M )  * ( # M )  * 
( p m o l )  

0 + 9 8 3  5 6 4  2 1 7  2 0 1  

1 0  + 7 2 3  1 8 8  2 6 5  2 7 0  
0 - -  9 0 7  5 3 8  2 0 3  2 2 8  

10  - -  1 9 4  4 3  50  101  

* I n t r a c e l l u l a r  c o n c e n t r a t i o n s  axe b a s e d  o n  a n  i n t e r n a l  v o l u m e  o f  1 p l ] 0 . 4  m g  d r y  w e i g h t  o f  t h e  ce l l s  [ 3 1 ] .  
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T A B L E  V 

E F F E C T  O F  A R S E N A T E  O N  I N T R A C E L L U L A R  D I S T R I B U T I O N  O F  R A D I O A C T I V I T Y  D E R I V E D  
F R O M  [ 1 4 C ] A D E N I N E  

U p t a k e  was  m e a s u r e d  u n d e r  s t a n d a r d  assay  c o n d i t i o n s  in  m e d i u m  B and  in the  p r e sence  o f  t he  i n d i c a t e d  

a m o u n t s  o f  a r s e n a t e  and  p h o s p h a t e .  T h e  ene rgy  sou rce s  were  15 m M  a c e t a t e  for  u p t a k e  u n d e r  a e rob i c  
c o n d i t i o n s  a n d  5 m M  glucose  fo r  u p t a k e  u n d e r  a n a e r o b i c  cond i t i ons .  The  d i s t r i b u t i o n  of  in t race l lu la r  

r a d i o a c t i v e  c o m p o u n d s  was  d e t e r m i n e d  as i n d i c a t e d  in  the  t ex t .  

A r s e n a t e  P h o s p h a t e  0 2  To ta l  A d e n i n e  A d e n o s i n e  H y p o -  Inos ine  Nucleo-  

( m M )  ( raM)  u p t a k e  (~zM) * ( ~ M )  * x a n t h i n e  ( # M )  * t ide  
( p m o l )  (DM) * ( # M )  * 

0 13.2  + 250  20 6 1 3 220 

10 13.2 + 82 5 2 1 1 73 
0 .5  0 + 26 3 1 3 1 19 

0 13 .2  - -  951  40  30 34 22 815  

10 13 .2  - -  371  6 9 4 9 342  
0 .5  0 - -  22 4 1 1 2 14 

* In t r ace l lu l a t  c o n c e n t r a t i o n s  a te  ba sed  o n  a in t e rna l  v o l u m e  o f  1 ~1/0.4 m g  d ry  w e i g h t  o f  t he  cells [ 3 0 ] .  

T A B L E  VI  

E F F E C T  O F  D C C D  O N  T H E  U P T A K E  O F  U R I D I N E ,  D E O X Y C Y T I D I N E ,  U R A C I L ,  A D E N I N E  A N D  

H Y P O X A N T H I N E  BY E. C O L I  B A N D  M U T A N T  U -  

U p t a k e  was  m e a s u r e d  u n d e r  s t a n d a r d  assay  c o n d i t i o n s  in m e d i u m  A and  in the  p r e sence  of  5 m M  glucose .  

Cell s u s p e n s i o n s  were  i n c u b a t e d  o v e r n i g h t  a t  4°C w i t h  an  e tbano l i e  so lu t i on  o f  D C C D  at  the  i n d i c a t e d  

c o n c e n t r a t i o n s  p r i o r  to  t he  a d d i t i o n  o f  g lucose  a c c o r d i n g  to  the  p r o c e d u r e  o f  Kle in  and  B o y e r  [ 9 ] .  The  
f inal  e t h a n o l  c o n c e n t r a t i o n  was  0 .1% in all samples .  The  i n c u b a t i o n  t i m e  was  30  s. 

S t r a in  D C C D  S u b s t r a t e  U p t a k e  (%) 
( m M )  

+ 0 2  ---O 2 

M u t a n t  U -  N o n e  [ 2 -14C ]u r id ine  100 100  

0.1 87 53 

0 .5  74 24 

M u t a n t  U -  N o n e  D e o x y  [ 2 -14C ] c y t i d i n e  100 100 

0.1 104 46 
0 .5  86 18 

E.  co l i  B N o n e  D e o x y [ 2 - 1 4 C ] c y t i d i n e  100 * 100  * 

0 .01 90  * 17 * 
0.1 87 * 6 * 

E. co l i  B N o n e  [ 2 - 1 4 C ] u r a c i l  100  (100 )  * 100 

0.1 45 ( 2 3 ) *  95  
0 .5  19 (7) * 66 

E. co l i  B N o n e  [ 8 - 1 4 C ] a d e n i n e  100  (100 )  * 100 

0.1 72 ( 2 6 ) *  85 
0 .5  57 (6)  * 51 

E. eo l i  B N o n e  [ 8 - 1 4 C ] h y p o x a n t h i n e  100 100  

0.1 75 50 
0 .5  45  50 

* 15 m M  ace t a t e  was  u s e d  in the  i n c u b a t i o n  m i x t u r e  in  p lace  o f  5 m M  glucose  for  ae rob ic  u p t a k e .  The  
i n c u b a t i o n  t i m e  for  d e o x y c y t i d i n e  was 1 ra in  and  the  cells were  p r e i n c u b a t e d  wi th  D C C D  at  25°C for  
3 h b e f o r e  a d d i t i o n  o f  the  e n e r g y  sources .  
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reduced by low levels o f  phosphate than uptake of  bases or uridine. 
Arsenate causes a marked decrease of  uptake into intracellular uracil, deoxy- 

cytidine and nucleotides after incubation of  cells with deoxy[2-I4C]cytidine 
under anaerobic conditions (Table IV). It also results in an almost complete 
elimination of  the deoxycyt idine  concentration gradient. Under aerobic condi- 
tions radioactivity found as intracellular nucleotides is reduced to about one- 
third by arsenate, but radioactivity in intracellular uracil and deoxycyt idine 
fractions is somewhat  increased by arsenate. 

Radioactivity found in intracellular adenine, adenosine, hypoxanthine,  ino- 
sine and nucleotides after incubation with [14C] adenine is drastically reduced 
by arsenate under both anaerobic and aerobic conditions (Table V). The con- 
centration gradient of  adenine is completely eliminated by arsenate under both 
conditions. 

The effect of  DCCD on the uptake of  deoxycytidine,  uridine, uracil, adenine 
and hypoxanthine  was studied to investigate a possible role of  (Ca 2÷ + Mg2÷) - 
ATPase in the active transport processes. DCCD markedly reduces anaerobic 
uptake of  deoxycyt idine and uridine and has relatively little effect on their 
aerobic uptake (Table VI). The concentrations of  DCCD which are effective for 
inhibition of  anaerobic transport of  the nucleosides are in the same range as 
those required for inhibition of  E. coli B (Ca 2÷ + Mg2÷)-ATPase [33] .  The inhi- 
bitory effect of  DCCD on the anaerobic uptake of  uracil, adenine and hypo- 
xanthine (Table VI) is very low as compared to its inhibitory effects on uridine 

T A B L E  VI I  

E F F E C T  O F  E N E R G Y  P O I S O N S  O N  T H E  U P T A K E  O F  D E O X Y C Y T I D I N E ,  U R I D I N E ,  U R A C I L ,  
A D E N I N E  A N D  H Y P O X A N T H I N E  BY E. C O L I  B A N D  M U T A N T  U -  

U p t a k e  was  m e a s u r e d  under  standard assay c o n d i t i o n s  in m e d i u m  A and in the  presence  o f  15 m M  potas-  
s ium ace ta te  (aerobic  u p t a k e )  or 5 m M  g lu c ose  (anaerobic  u p t a k e ) .  [ 2 - 1 4 C ] U r i d i n e  u p t a k e  by  m u t a n t  U - ,  
at aerobic  and anaerobic  c o n d i t i o n s ,  was  m e a s u r e d  in th e  presence  o f  5 m M  glucose .  D N P ,  din i t ropheno l .  

Strain Substrate  Inhibi tor  U p t a k e  (%) 

+ 0 2  - - 0  2 

E coli B D e o x y c y t i d i n e  N o n e  100 ( 1 0 5 5 )  * 100 
2 m M  D N P  14 20 

15 pM CCCP 1 3 

Mutant  U -  Uridine  N o n e  100 ( 1 2 5 0 )  ** 100  

2 m M  D N P  17 2 
15 pM CCCP 5 3 

E. coli B Uraci l  N o n e  100 (50)  ** 100  

2 m M  D N P  4 11 

7 .5  pM CCCP 22  50 

15 #M CCCP 7 14 

E. coli B A d e n i n e  N o n e  100 (331 )  ** 100  
2 m M  D N P  15 21 

15 #M CCCP 12 43 

E. coli B H y p o x a n t h i n e  N o n e  100 (126 )  ** 100 
2 m M  D N P  21 6 

15  pM CCCP 3 4 

( 1 1 5 9 )  * 

( 1 0 1 0 )  * * 

(120)  ** 

(758 )  ** 

( 4 4 0 )  * * 

* p m o i / m i n .  
** p m o l / 3 0  s. 
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T A B L E  V I I I  

E F F E C T  O F  V A R I O U S  E N E R G Y  P O I S O N S  O N  U P T A K E  O F  T H E  R I B O S E  M O I E T Y  O F  U R I D I N E  B Y  
M U T A N T  U - U R -  

U p t a k e  w a s  m e a s u r e d  u n d e r  s tandard  assay  c o n d i t i o n s  in  m e d i u m  A and in t h e  p r e s e n c e  o f  5 r a M  g l u c o s e  
and  t h e  i n d i c a t e d  a d d i t i o n s .  I n c u b a t i o n  was  for 3 0  s. U p t a k e  o f  t h e  r ibose  m o i e t y  o f  [ 2 - 1 4 C ] u r i d i n e  w a s  

d e t e r m i n e d  as t h e  a m o u n t  o f  urac i l  f o r m e d  in t h e  m e d i u m  d u r i n g  t h e  i n c u b a t i o n  p e r i o d  as d e s c r i b e d  in 
t h e  t e x t .  C o n d i t i o n s  for  t r e a t m e n t  w i t h  D C C D  are t h e  s a m e  as t h o s e  for Tab le  II.  

A d d i t i o n  C o n c e n t r a t i o n  U p t a k e  (%) 

(mM) 

+ 0 2  - -O  2 

N o n e  - -  1 0 0  ( 3 5 6 0 )  * 1 0 0  ( 3 3 0 0 )  * 
K C N  1 8 8  1 0 0  
K C N  2 8 4  113  

K C N  10  n .d .  9 8  
D C C D  0.1  1 0 6  1 0 0  

D C C D  0 .5  7 8  70  
D i n i t r o p h e n o l  1 8 2  7 0  

C C C P  0 . 0 1 5  50  5 0  
N o n e  ( - - p h o s p h a t e )  - -  9 7  ** 1 0 9  ** 

A r s e n a t e  ( - - p h o s p h a t e )  1 0  9 8  ** 99 ** 
N o n e  ( - - g l u c o s e )  - -  9 7  9 8  

* p m o l / 3 0  s. 

** U p t a k e  w a s  m e a s u r e d  u n d e r  s tandard  assay  c o n d i t i o n s  i n  
n.d . ,  n o t  d e t e r m i n e d .  

m e d i u m  B. 

and deoxycyt idine  uptake under anaerobic conditions. 
Uncouplers of  oxidative phosphatorylation such as 2,4-dinitrophenol and 

CCCP dissipate the energized membrane state. These inhibitors were used to 
determine whether the transport processes utilize this state directly as an 
energy source. The data (Table VII) show that uptake of  deoxycytidine,  uri- 
dine and free bases is inhibited more than 80% by 2,4-dinitrophenol and more 
than 90% by CCCP under aerobic or anaerobic conditions. 

Uptake of  the ribose moiety  by mutant  U - U R -  is similar under both aerobic 
and aearobic condit ions and is not  stimulated by glucose (Table VIII). In con- 
strast to nucleoside and base transport, the uptake of  the ribose moiety  is not  
significantly inhibited by KCN, DCCD, 2,4-dinitrophenol or arsenate under 
aerobic or anaerobic condit ions and the uptake is the same in the presence or 
absence of  phosphate (Table VIII). 

Discussion 

The nature of  the effects o f  the various inhibitors Supports the conclusion 
that uridine and deoxycyt idine  transport is energized either by electron trans- 
port or by ATP hydrolysis via (Ca 2÷ + Mg2÷)-ATPase. On the other hand, the 
transport o f  uracil, adenine and hypoxanthine is dependent upon ATP or some 
high energy phosphate derivative of  ATP, but is independent of  (Ca 2÷ + Mg2÷)- 
ATPase. Electron transport does not  energize transport of  these free bases. The 
data which support these conclusions are given below. 

The transport of  uridine and deoxycyt idine under aerobic conditions is al- 
most  completely inhibited by KCN, suggesting that either a high energy phos- 
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phate bond or electron transport,  or both,  can be utilized as an energy donor  
for their transport  (Table II). Since uridine and deoxycyt idine are transported 
efficiently under anaerobic conditions in the presence of  glucose, it is clear that 
respiration is not  an absolute requirement  (Table I} and that ATP derived from 
glycolysis can act directly or indirectly as an energy source. This conclusion is 
also demonstrated by the inhibitory effect  of  arsenate (Tables III and IV) 
which is known to drastically reduce intracellular ATP levels [9]. Arsenate 
causes a marked decrease of  all intracellular components  under anaerobic con- 
tions and also results in an almost complete elimination of the deoxycyt idine 
concentrat ion gradient (Table IV). The strong inhibitory effect  of  DCCD on 
deoxycyt id ine  and uridine transport under anaerobic conditions (Table VI) 
is evidence that  ATP provides the high energy membrane state necessary for 
transport  by hydrolysis of  ATP via (Ca 2÷ + Mg2÷)-ATPase. 

Arsenate also inhibits aerobic uptake of  these nucleosides bu t  to a much 
lesser extent  than under anaerobic conditions (Table III). This relatively low 
inhibitory effect  of  arsenate can be explained by a slow rate of  nucleotide for- 
mation subsequent  to nucleoside transport  in the presence of  the inhibitor. 
Deoxycyt id ine  and uridine are rapidly converted to nucleotides after their 
t ransport  into cells [3,5],  bu t  in the presence of  arsenate, the low intracellular 
ATP concentrat ion results in a reduction of  total uptake (retention) due to a 
decrease in nucleoside phosphorylat ion (Table IV). Under aerobic conditions, 
however, the concentrat ion gradient of  deoxycyt id ine  is maintained (Table IV), 
indicating that ATP is not  an absolute requirement for energizing the active 
transport  process and that  electron transport  may be utilized as an alternative 
energy source to provide a high energy membrane state necessary for active 
transport  to occur. This conclusion is supported by the demonstrat ion that the 
aerobic transport  of  these nucleosides is not  inhibited appreciably by DCCD 
(Table VI). 

Uncouplers of oxidative phosphorylat ion such as dinitrophenol and CCCP 
are presumed to act by either preventing the formation of  an energized mem- 
brane state or causing its dissipation. Therefore,  transport  systems which are 
dependent  upon the energized membrane state are inhibited by uncouplers 
whether the energy is derived from respiration or ATP hydrolysis via (Ca 2÷ + 
Mg2÷)-ATPase [9]. The strong inhibitory effect  of  dinitrophenol and CCCP on 
the transport  of  deoxycyt id ine  and uridine under both aerobic and anaerobic 
conditions (Table VII) provides additional evidence that  the high energy mem- 
brane state used to drive the active transport  of  the nucleosides can be derived 
either from respiration or ATP hydrolysis by (Ca2÷ + Mg2÷)-ATPase. Similar 
systems for the active transport  of  certain amino acids [9,14,15] and carbo- 
hydrates [9] in E. coli have been reported previously. 

A number  of  transport  systems in E. coli have been described which do not  
involve the (Ca 2÷ + Mg2÷)-ATPase, bu t  are energized directly by ATP or high 
energy compounds  derived from ATP. These include the shock-sensitive trans- 
por t  systems for certain amino acids [14,15] ,  D-ribose [16],  glycylglycine [17] 
and galactose [18].  The present results provide evidence for similar transport  
systems for uracil, adenine and hypoxanthine.  The strong inhibitory effects 
of  arsenate on the uptake of  uracil, adenine and hypoxanthine under aerobic 
as well as anaerobic conditions (Table III) indicate a requirement for ATP 
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under both aerobic and anaerobic conditions. Arsenate not only drastically 
reduces the concentration of all intracellular components derived from adenine 
but also completely eliminates the concentration gradient of adenine under 
both aerobic and anaerobic conditions (Table V). Therefore, the inhibitory 
effect of cyanide (Table II) on uptake of uracil, adenine and hypoxanthine may 
be explained by the reduced concentration levels of ATP formed in the pre- 
sence of this inhibitor rather than by inhibition of electron transport. 

The ATP requirement for transport of the free bases does not involve (Ca 2÷ + 
Mg2+)-ATPase since the anaerobic uptake of free bases is not significantly inhi- 
bited by DCCD (Table VI). A requirement for ATP production under aerobic 
conditions is also indicated by the strong inhibition of transport by the un- 
couplers, dinitrophenol and CCCP (Table VII). Anaerobic transport of the 
bases is also inhibited by uncouplers (Table VII). This inhibitory effect is much 
lower and may be explained by non-specific effects of the uncouplers which 
have been reported previously by others rather than by their ability to dissipate 
the energized membrane state. For example, the inhibitory effect of dinitro- 
phenol and carbonylcyanide p-tr~fluoromethoxyphenylhydrazone on transport 
ofglutamine [14,15], D-ribose [16] and glycylglycine [17] has been explained 
by the low ATP levels produced by these uncouplers even under conditions 
when ATP is generated solely by glycolysis [15]. The transport processes for 
these compounds~ like the free bases, were shown to require ATP or some high- 
energy derivative of ATP without involvement of (Ca 2÷ + Mg 2÷)-ATPase. 

In contrast to the data obtained on the uptake of intact uridine, the trans- 
port of the ribose moiety of uridine by mutant U-UR- is not significantly 
stimulated by energy sources and is not inhibited by any of the inhibitors 
(Table VIII). These results show that neither respiration nor phosphate bond 
energy is required for its transport. It may be concluded that the transport 
system for the ribose moiety of uridine differs markedly from that of intact 
uridine, and also differs from that of D-ribose which requires ATP as an im- 
mediate energy source [ 16]. 
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