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SUMMARY 

1. Two different deoxycytidine-uptake systems were found in isolated mem- 
brane vesicles of Escherichia coli K 12 cells: one was not significantly inhibited by 
guanine nucleosides, the other was markedly inhibited by these nucleosides. 

In isolated membrane vesicles of a showdomycin-resistant mutant (Shmr-001), 
the former system was no longer detectable but the latter was found to remain active. 

2. The deoxycytidine uptake by these systems was stimulated by reduced 
phenazine methosulfate, D(--)-lactate, succinate, and NADH, but not by ATP, 
phosphoenolpyruvate, or phosphoribosyl pyrophosphate. 

The reduced phenazine methosulfate-stimulated uptake of deoxycytidine by 
these systems was markedly inhibited by sodium azide. 

3. Among sulfhydryl reagents tested, N-ethylmaleimide did not significantly 
inhibit the uptake of deoxycytidine by these systems, even at very high concentrations; 
p-chloromercuribenzoic acid did inhibit uptake. 

4. The antibiotic showdomycin strongly inhibited the uptake of deoxycytidine 
by membrane vesicles of Escherichia coli K 12 but only slightly inhibited that by 
membrane vesicles of the mutant (Shmr-001). Further, showdomycin produced a 
rapid efflux of deoxycytidine from previously loaded membrane vesicles of Esche- 
richia coli K 12. 

These results suggest that showdomycin is transported by the deoxycytidine 
transport system which is not inhibited by guanine nucleosides in isolated membrane 
vesicles of Escherichia coli K 12. 

INTRODUCTION 

The transport of the antibiotic showdomycin [2-(fl-D-ribofuranosyl)maleimide ] 
in Escherichia coli K 12 appears to be closely related to that of a wide variety of 
nucleosides 1 . 

We have isolated showdomycin-resistant mutants from Escherichia coli K 122. 
These mutants have an impaired ability to take up not only showdomycin but also a 
number of nucleosides, including deoxycytidine, cytidine, uridine, deoxythymidine, 
adenosine, deoxyadenosine and deoxyguanosine. 

Preliminary studies 3 with one of these showdomycin-resistant mutants, Shin r- 
001, suggested that its reduced ability to take up showdomycin and various nucleo- 
sides is attributable to defects in the cytoplasmic membrane. 
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Two deoxycytidine transport systems have been found in Escherichia coli K 12: 
one has a high affinity for deoxycytidine and is not significantly inhibited by guanine 
and hypoxanthine nucleosides; the other has a low affinity for deoxycytidine and is 
markedly inhibited by these nucleosides. 

In the showdomycin-resistant mutant, the former system is no longer detect- 
able, but the latter system remains active. The former system, or at least a part of the 
system, seems to be common to a wide variety of nucleosides and also showdomycin. 

The present investigation is an extension of these earlier studies and provides 
more direct evidence that the system involved in the uptake of nucleosides and show- 
domycin is located on the cytoplasmic membrane of Escherichia coli K 12, and that 
reduction in the ability of the showdomycin-resistant mutant Shmr-001 to take up 
nucleosides and showdomycin is due to an alteration in the cytoplasmic membrane. 

MATERIALS AND METHODS 

Preparation of cells 
Escherichia coli K 12 and a showdomycin-resistant mutant, Shmr-001 (derived 

from K 12) 2'3, were grown with aeration in a jar fermentor, using a glucose-mineral 
medium 4 supplemented with 0.025% (w/v) Difco casamino acid. Cells were harvested 
at approximately the end of the logarithmic phase of growth, and stored at - 85 °C. 

Preparation of membrane vesicles 
Membrane vesicles were prepared from lysozyme and EDTA-induced sphero- 

plasts of K 12 and Shmr-001 essentially as described by Kaback 5. They were stored 
at - 8 5  °C in 0.1 M potassium phosphate buffer, pH 6.6, at concentrations of 1.0- 
2.3 mg protein per ml, and thawed just before use. Each membrane preparation was 
checked by microscopy. Contamination with whole cells was not observed. 

Measurement of the uptake of deoxycytidine and other labeled compounds by membrane 
vesicles 

Portions of the membrane suspensions (either 40/zl or 80 #1) were equilibrated 
at 25 °C for 10 min, then added to prewarmed tubes containing MgSO 4 (10 mM 
final concentration) and the respective labeled compounds (10-40 /~M final con- 
centration) as stated in the legends to the tables and figures. The mixtures (final 
volume of either 100/A or 200/~1) were then incubated at 25 °C. After a given time, 
each reaction mixture was diluted with 2 ml of ice-cold 0.1 M LiCI solution, filtered 
through Millipore filters of 0.45-#m pore size, and washed with 4 ml of the same 
solution. The filters were dried and counted with a liquid scintillation spectrometer 
using toluene-phosphor solution (5 ml). In control experiments, the radioactive 
compound was added to the membrane suspension in 2 ml of ice-cold 0.1 M LiC1 
solution just prior to filtration. Correction was made to each experimental value by 
subtracting the corresponding value obtained in the control experiment. 

Chemicals and reagents 
Purified iodoacetic acid was kindly supplied by Dr N. Yoshida; cytosine ara- 

binoside was purchased from the Upjohn Company; N-ethylmaleimide was from 
Nakarai Chemicals Ltd; phenazine methosulfate was from Calbiochem; the labeled 
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compounds were from the Schwarz BioResearch Corp.; the unlabeled nucleosides 
were from the Sigma Chemical Corp. and the Schwarz BioResearch Corp. 

RESULTS 

Ability of isolated membrane vesicles to take up deoxycytidine 
It has previously been shown that the components responsible for specificity 

with respect to the two different deoxycytidine transport systems are not released 
from the cells by osmotic shock 3. Kaback and his co-workers 6-z° have also de- 
monstrated that cell-free membrane vesicle preparations essentially free from peri- 
cytoplasmic components, cytoplasmic constituents and most of the cell wall material 
can be used for the study of transport of amino acids and sugars. We thus decided 
to investigate the mechanism of deoxycytidine transport in membrane preparations 
from a showdomycin-resistant mutant (Shmr-001) of Escherichia coli K 12 and from 
the parent strain. These preparations, in which the membrane vesicles had been 
physically separated from whole cells, did indeed show small but significant deoxy- 
cytidine uptake. 

The effects of a series of electron donors on deoxycytidine uptake by the 
preparations are shown in Table I. Addition of ascorbate and phenazine metho- 
sulfate, an artificial electron-donor system, to membrane vesicles from the parent 
and mutant cells significantly enhanced the steady-state level of deoxycytidine accu- 
mulation. Other electron donors, such as o ( -  )-lactate, succinate and NADH, 
caused similar though weaker stimulation of deoxycytidine accumulation. Although 

TABLE I 

EFFECT OF VARIOUS ELECTRON DONORS ON THE UPTAKE OF [14C]DEOXYCYTI- 
DINE BY M EM BRANE VESICLES FROM PARENT AND MUTANT CELLS 

Membrane suspensions from the parent (2.25 mg membrane protein per ml) or mutant cells 
(1.71 mg membrane protein per ml) were allowed to equilibrate at 25 °C for 10 min, then 0.08-ml 
samples were added to tubes containing MgSO4 (10 mM final concentration), [2-t4C ]deoxycytidine 
(60.3 Ci/mole, 22.7 #M final concentration) and one of the electron donors being tested (each 
at a final concentration of 20 mM except phenazine methosulfate, which was at 0.1 mM). Total 
volume of each incubation mixture was 0.2 ml, After a 2-min incubation at 25 °C, the membrane 
vesicles were filtered, washed, and their total radioactivity was determined. For further explana- 
tion, see text. PMS, phenazine methosulfate, Results are expressed as pmoles/mg membrane 
per 2 min. 

Electron donor added (raM) [14C]Deoxycytidine uptake 

Parent Mutant 

pmoles Ratio pmoles Ratio 

None 19.1 1.0 9.0 1.0 
PMS (0.1)+ascorbate (20) 66.9 3.5 61.7 6.9 
D( -- )-Lactate (20) 43.4 2.3 25.6 2.9 
Succinate (20) 37.0 1.9 12.3 1.4 
N A D H  (20) 33.4 1.8 16.2 1.8 
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the da ta  are not  shown, it  is no tewor thy  tha t  energy sources,  such as ATP ,  p h o s p h o -  
enolpyruvate ,  and  5-phosphor ibosy l  py rophospha te ,  were all ineffective. 
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Fig. 1. (A) Membrane suspensions of the parent cells (2.25 mg membrane protein per ml) were 
allowed to equilibrate at 25 °C for 10 min, then 0.08-ml samples were added to tubes containing 
MgSO4 (10 mM final concentration), and [2-14C]deoxycytidine (60.3 Ci/mole, 22.7 #M final 
concentration). The mixtures were with ( o - - o )  or without (O---O) sodium ascorbate (20 mM 
final concentration) and phenazine methosulfate (0.1 mM final concentration). Total volume of 
each incubation mixture was 0.2 ml. The incubations were continued at 25 °C for the indicated 
times, then terminated and assayed as described in Materials and Methods. The arrow indicates 
the time of addition of 2 mM unlabeled deoxycytidine (o - -o ) .  (B) Membrane suspensions of 
the mutant cells (1.71 mg membrane protein per ml) were allowed to equilibrate at 25 °C for 
10 rain, then 0.08-ml samples were added to tubes containing MgSO4 (10 mM final concen- 
tration), and [2-14C]deoxycytidine (47.4 Ci/mole, 21.1 #M final concentration). The mixtures 
were with ( o - - o )  or without (O---O) sodium ascorbate (20 mM final concentration) and phenazine 
methosulfate (0.1 mM final concentration). Total volume of each incubation mixture was 0.2 ml. 
The incubations were continued at 25 °C for the indicated times, then terminated and assayed 
as described in Materials and Methods. The arrow indicates the time of addition of 2 mM un- 
labeled deoxycytidine (o - -o ) .  

Wi th  the demons t r a t i on  tha t  the membrane  vesicles are capable  o f  deoxycyt i -  
dine up take ,  it is o f  interest  to compare  the up take  by membrane  vesicles f rom paren t  
cells with the up take  by those o f  mu tan t  cells. Fig. 1 shows typical  curves for  [~4C]- 
deoxycyt id ine  up take  by m e m b r a n e  vesicles f rom the paren t  and  m u t a n t  cells dur ing  
incuba t ion  with ascorba te  and phenazine  methosul fa te  at  25 °C. The membrane  
vesicles f rom the pa ren t  cells t ook  up [ t4C]deoxycyt idine very rapidly,  reaching 
s teady state within l min;  whereas up take  by membrane  vesicles f rom the mu tan t  
cells was slower, the up take  dur ing  the first I min been only 60% of  tha t  by the 
p repa ra t ion  f rom paren t  cells. I t  can also be seen tha t  the add i t ion  of  excess unlabeled  
deoxycyt id ine  results  in the rap id  loss o f  the accumula ted  rad ioac t iv i ty  f rom pre-  
loaded  m e m b r a n e  vesicles f rom bo th  pa ren t  and  mu tan t  cells. 

As ind ica ted  in Table  II ,  sod ium azide effectively b locked the a s c o r b a t e -  
phenazine  methosu l fa te -s t imula ted  up take  of  deoxycyt id ine  by  membrane  vesicles 
f rom both  pa ren t  and mu tan t  cells. 
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TABLE II 

EFFECT OF VARIOUS METABOLIC INHIBITORS ON THE U P T A K E  OF [t4C]DE- 
OXYCYTIDINE BY M E M B R A N E  VESICLES F R O M  P A R E N T  AND M U T A N T  CELLS 

Membrane  suspensions from the parent (2.25 nag membrane protein per ml) or mutant  cells 
(1.71 mg membrane protein per ml) were allowed to equilibrate at 25 °C for 10 rain, then 0.04-ml 
samples were added to tubes containing MgSO4 (10 mM final concentration),  sodium ascorbate 
(20 mM final concentration),  phenazine methosulfate (0.1 rnM final concentration), [2-14C]- 
deoxycytidine (60.3 Ci/mole, 22.7 ffM final concentration with membrane suspensions from the 
parent,  49.3 Ci/mole, 21.3 ffM final concentration with membrane suspensions from the mutant)  
and the cited amount  of the metabolic inhibitor being tested. Total volume of the incubation mix- 
ture was 0.1 ml. After a l-rain incubation at 25 °C, the membrane vesicles were filtered, washed, 
their total radioactivity was determined. For further explanation, see text. Results are expressed 
as pmoles/rng membrane protein per rain. 

. . . . . . . . . . . . . . . . . . . . . . . .  

Inhibitor added (raM) [14C ]Deoxycytidine uptake 

Parent Mutant 

pmoles °/o pmoles o~ 

None 95.0 100.0 53.0 100.0 
NaNz (50) 0.6 0.6 6.7 12.6 
p-Chloromercuribenzoic acid (0.1) 31.7 33.4 11.0 20.8 
Iodoacetic acid (2) 65.5 69.0 50.5 95.3 

The sulfhydryl reagent, p-chloromercuribenzoic acid was a strong inhibitor 
of deoxycytidine uptake (Table II); but other sutfhydryl reagents, such as N-ethyl- 
maleimide (Table III and Fig. 2) and iodoacetic acid (Table II), were not effective 12o:  
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Fig. 2. Membrane suspensions of  the parent (1.01 mg membrane protein per ml)  or mutant  cells 
(1.71 mg membrane protein per ml) were a l lowed to equi l ibrate at 25 °C for 10 min, then 0.08-ml 
samples were added to tubes containing MgSO4 (10 m M  final concentrat ion), [2-t4C ]deoxycyt idine 
(47.4 Ci/mole, 21.1 f fM  final concentrat ion), sodium ascorbate (20 m M  final concentrat ion), 
phenazine methosulfate (0. l  m M  final concentrat ion) and the cited amounts of  showdomycin 
or N-ethylmaleimide.  Tota l  vo lume of  each iocubat ion mixture was 0.2 ml. Af ter  a I - ra in in- 
cubat ion at 25 °C, the membrane vesicles were fi l tered, washed, and their total  radioact iv i ty  was 
determined. For  further explanation, see text. SHM, showdomycin;  NEM,  N-ethylmaleimide. 
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TABLE III 

EFFECT OF SHOWDOMYCIN AND N-ETHYLMALEIMIDE ON THE UPTAKE OF 
[14C]DEOXYCYTIDINE, [14C]URIDINE AND [14C]DEOXYTHYMIDINE BY MEM- 
BRANE VESICLES FROM PARENT AND MUTANT CELLS 

Membrane suspensions of the parent (2.25 mg membrane protein per ml) or mutant cells (1.71 mg 
membrane protein per ml) were allowed to equilibrate at 25 °C for 10 min, then 0.08-ml samples 
were added to tubes containing MgSO4 (10 mM final concentration), sodium ascorbate (20 mM 
final concentration), phenazine methosulfate (0.1 mM final concentration), and one of the fol- 
lowing labeled compounds: [2-14C]deoxycytidine (47.4 Ci/mole, 21.2/zM final concentration); 
[2-14C ]uridine (52.9 Ci/mole, 18.9 tiM final concentration); [2-14C ]deoxythymidine (46.9 Ci/mole, 
21.3/~M final concentration); L-[U-~4C]proline (115.0 Ci/mole, 39.5#M final concentration). 
The reaction mixtures were with or without showdomycin or N-ethylmaleimide (each at a final 
concentration of 500/zM). Total volume of the incubation mixture was 0.2 ml. After a l-min 
incubation at 25 °C, the membrane vesicles were filtered, washed, and their total radioactivity 
was determined. For further explanation, see text. 

Addition (/~M) [14C]Deoxycyt- [14C]Uridine [laC]Deoxythym- [14C]Proline 
idine uptake (%) uptake (%) idine uptake (%) uptake (%) 

Parent Mutant Parent Mutant Parent Mutant Parent 

None 100" 100"* 100"** 100~" 100tt 100§ 100§§ 
Showdomycin (500) 22.9 78.5 17.0 77.6 14.6 90.8 46.8 
N-Ethylmaleimide (500) 105.8 100.3 88.4 100.6 107.0 101.9 23.9 

* 100= 110.7 pmoles/mg membrane protein 
** 100= 49.0 pmoles/mg membrane protein 

*** 100= 66.1 pmoles/mg membrane protein 
* 100= 22.3 pmoles/mg membrane protein 

*¢ 100= 81.3 pmoles/mg membrane protein 
§ 100= 39.0 pmoles/mg membrane protein 

§§ 100= 151.4 pmoles/mg membrane protein 

per rain. 
per min. 
per min. 
per min. 
per rain. 
per min. 
per min. 

inhibi tors .  U n d e r  the same exper imenta l  condi t ions ,  up take  o f  [14C]proline by the 
m e m b r a n e  vesicles f rom paren t  cells was marked ly  inhibi ted by N-e thy lmale imide  
(Table  III).  

Effect o f  other nucleosides on the uptake of  deoxycytidine by membrane vesicles 
Table  IV shows tha t  [14C]deoxycytidine up take  by membrane  vesicles f rom 

paren t  cells was m a r k e d l y  inhibi ted by pyr imidine  and adenine nucleosides (cytidine,  
uridine,  deoxythymidine ,  adenos ine  and deoxyadenos ine)  but  was inhibi ted to a 
lesser degree by guanine  nucleosides (guanosine  and deoxyguanosine) .  In the mem- 
brane  vesicles f rom m u t a n t  cells, however,  [~4C]deoxycytidine up take  was marked ly  
inhib i ted  not  only  by the pyr imid ine  and adenine nucleosides bu t  also by  the guanine  
nucleosides.  Xan thos ine  and cytosine a rab inos ide  did  not  significantly inhibi t  [~4C]- 
deoxycyt id ine  up take  by ei ther  p repara t ion .  

These results are ana logous  to those found with deoxycyt id ine  t r anspor t  
systems in whole cells 3. 

Fig. 3 shows in detai l  the effect of  guanosine  on the up take  o f  [14C]deoxy- 
cyt idine by m e m b r a n e  vesicles. U p t a k e  by the m e m b r a n e  vesicles f rom paren t  cells 



502 Y. KOMATSU, K. TANAKA 

TABLE IV 

EFFECT OF VARIOUS NUCLEOSIDES ON THE UPTAKE OF [laC]DEOXYCYTIDINE 
BY MEMBRANE VESICLES FROM PARENT AND MUTANT CELLS 

Membrane suspensions of the parent (2.25 mg membrane protein per ml) or mutant cells (1.71 mg 
membrane protein per ml) were allowed to equilibrate at 25 °C for 10 rain, then 0.04-ml samples 
were added to tubes containing MgSO4 (10 mM final concentration), sodium ascorbate (20 mM 
final concentration), phenazine methosulfate (0.1 mM final concentration), [2-14C]deoxycytidine 
(60.3 Ci/mole, 22.7/~M final concentration), and one of the nucleosides being tested (each at a 
final concentration of 1 raM). Total volume of each incubation mixture was 0.1 ml. After a 
l-rain incubation at 25 °C, the membrane vesicles were filtered, washed, and their total radio- 
activity was determined. For further explanation, see text. 

Nucleoside a d d e d  [t4C]Deoxycytidine uptake (%) 

(each 1 mM) Parent Mutant 

None 100" 100"* 
Deoxycytidine 8.6 6.0 
Cytidine I 1.6 21.8 
Uridine 17.5 23.3 
Deoxythymidine 20.4 31.7 
Adenosine 21.2 1.2 
Deoxyadenosine 13.0 13.3 
Guanosine 45.2 10.9 
Deoxyguanosine 44.8 4.8 
Xanthosine 59.3 70.7 
Cytosine arabinoside 68.1 54.8 

* 100=93.6 pmoles/mg membrane protein 
** 100= 42.1 pmoles/mg membrane protein 

per min. 
per rain. 

decreased with increasing guanosine  concent ra t ion  to abou t  40% of  the maximal  
value,  no fur ther  decrease being observed.  Up take  by the m e m b r a n e  vesicles f rom 
m u t a n t  cells was less than  0.5 of  tha t  by vesicles f rom paren t  cells, and  was s t rongly 
inhibi ted by guanosine.  These results  suggest tha t  at  least  two systems may  funct ion 
for deoxycyt id ine  t r anspo r t :  one which is not  inhibi ted by guanosine  and ano ther  
which is inhibi ted;  and  tha t  membrane  vesicles f rom mutan t  cells retain only the 
la t ter  system. This  is consis tent  with the results of  a s imilar  exper iment  with whole 
cells 3. 

Effect o f  showdomycin on the uptake of  deoxycytidine by membrane vesicles 
Reduced  phenazine  methosul fa te -s t imula ted  [14C]deoxycytidine uptake  by 

m e m b r a n e  vesicles f rom pa ren t  cells was largely inhibi ted  by the ant ib io t ic  show- 
domycin ,  whereas  such up take  by m e m b r a n e  vesicles f rom mutan t  cells was no t  
great ly affected by  the an t ib io t ic  (Fig.  2). Since [14C]deoxycytidine up take  was only 
sl ightly inhibi ted by N-e thylmale imide ,  an ana logue  of  the male imide  moie ty  of  
showdomycin ,  the suscept ibi l i ty  o f  the [~4C]deoxycyt idine-uptake mechanism of  
membrane  vesicles f rom paren t  cells to showdomycin  would not  seem to be due to  the 
sulfhydryl-react ive ac t ion of  the ant ib iot ic .  Similar  inhibi tory  effects of  showdomycin  
were observed on the up take  of  [14C ]uridine and [14C ]deoxythymidine  by membrane  
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vesicles from parent  cells (Table III). The uptake of these two compounds  was also 
not  significantly susceptible to N-ethylmaleimide.  
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Fig. 3. Membrane suspensions of the parent (2.25 mg membrane protein per ml) or mutant cells 
(1.71 mg membrane protein per ml) were allowed to equilibrate at 25 °C for 10 min, then 0.08-ml 
samples were added to tubes containing MgSOa (10 mM final concentration), [2-14C]deoxycytidine 
(47.4 Ci/mole, 21.1/~M final concentration), sodium ascorbate (20 mM final concentration), phen- 
azine methosulfate (0.1 mM final concentration), and the cited amounts of guanosine. Total 
volume of each incubation mixture was 0.2 ml. After a 1-min incubation at 25 °C, the membrane 
vesicles were filtered, washed, and their total radioactivity was determined. For further explanation, 
see text. 

Fig. 4. Membrane suspensions of the parent cells (2.25 mg membrane protein per ml) were allowed 
to equilibrate at 25 °C for 10 rain, then 0.04-ml samples were added to tubes containing MgSO4 
(10 mM final concentration), [2-14C]deoxycytidine (60.3 Ci/mole, 22.7/zM final concentration), 
sodium ascorbate (20 mM final concentration), and phenazine methosulfate (0.1 mM final con- 
centration). Total volume of each incubation mixture was 0.1 ml. The incubations were con- 
tinued at 25 °C for the indicated times, then terminated and assayed as described in Materials 
and Methods. The arrow indicates the time of addition of 2 mM showdomycin (O- - -O)  or 2 mM 
N-ethylmaleimide (O-'-O).  SHM, showdomycin; NEM, N-ethylmaleimide. 

It can also be seen that  the addi t ion of showdomycin resulted in rapid loss of 
the major i ty  of the accumulated radioactivity (derived from [l~C]deoxycytidine) 
f rom the preloaded membrane  vesicles f rom the parent  cells, whereas the addi t ion 
of N-ethylmaleimide to these membrane  vesicles did not  cause significant loss of the 
accumulated radioactivi ty (Fig. 4). 

These results suggest that  showdomycin behaves as a nucleoside analogue at 
the membrane  vesicles from the parent  cells and is t ransported by their deoxycytidine 
t ranspor t  system. 

DISCUSSION 

Earlier studies with whole cells 3'4 pointed to the involvement  of two different 
systems in t ranspor t  of  deoxycytidine in Escherichia coli K 12. However, we were 
unable  to ob ta in  direct answers as to the locat ion of the systems and the way in which 
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they function. We now have found that these deoxycytidine transport systems are 
present in isolated membrane vesicles from Escherichia coli K 12 cells. 

The specificity of the transport systems in the membrane vesicles was determined 
by measuring the inhibition of uptake of labeled deoxycytidine by membrane vesicles 
by other unlabeled nucleosides. 

One of the transport systems was strongly inhibited by pyrimidine and adenine 
nucleosides but not significantly inhibited by guanine nucleosides; the other system 
was strongly inhibited by not only pyrimidine and adenine nucleosides but also by 
guanine nucleosides. The former system (designated temporarily as the first deoxy- 
cytidine transport system) was not observed in the membrane vesicles from cells of 
the showdomycin-resistant mutant, Shmr-001, while the latter system (designated 
temporarily as the second deoxycytidine transport system) was retained. 

This behavior is analogous to that of the deoxycytidine transport systems 
studied in whole cells, indicating that the transport systems of deoxycytidine in 
Escherichia coli K 12 cells are membrane bound. 

The deoxycytidine uptake by membrane vesicles was markedly stimulated by 
the addition of electron donors, such as reduced phenazine methosulfate, o ( - ) -  
lactate, succinate and NADH. Reduced phenazine methosulfate-stimulated uptake 
of deoxycytidine by membrane vesicles was markedly inhibited by sodium azide. 

It is clear from these observations that the deoxycytidine transport by mem- 
brane vesicles involves oxidation of the electron donors and the transfers of electron. 
This is consistent with similar findings 7-13'x7'21 on the transport of various amino 
acids, sugars and succinate. 

It has been postulated by Kaback and his co-workers 9'1°' ~4.15 that transport 
carriers for amino acids and sugars may be sulthydryl group-containing proteins 
which may also act as intermediates in electron transfer reactions of the respiration 
chain. The uptake of deoxycytidine by membrane vesicles was significantly inhibited 
by p-chloromercuribenzoic acid, a sulfhydryl reagent, but not markedly by other 
sulfhydryl reagents, such as N-ethylmaleimide and iodoacetic acid. This indicates 
either that the deoxycytidine carriers do not contain a free sulfhydryl group, or that 
access of N-ethylmaleimide and iodoacetic acid to a sulfhydryl group present is hind- 
ered. 

Rayman et al. 2~ reported that succinate uptake by membrane vesicles from 
Escherichia coli K 12 is completely unaffected by N-ethylmaleimide but is severely 
inhibited by p-chloromercuribenzoate. Our results with deoxycytidine resemble their 
findings obtained with succinate with respect to insusceptibility to N-ethylmaleimide. 

The antibiotic showdomycin markedly inhibited the uptake of labeled deoxy- 
cytidine by membrane vesicles from Escherichia coli K 12 cells at low concentrations 
(Fig. 2), and the addition of showdomycin caused rapid loss of the majority of the 
accumulated radioactivity (derived from [14C]deoxycytidine) from preloaded 
membrane vesicles of Escheriehia coli K 12 cells (Fig. 4). These effects of show- 
domycin would not be due to the sulfhydryl-reactive action of its maleimide moiety, 
because similar effects were not observed when N-ethylmaleimide, an analogue of 
the maleimide moiety of showdomycin, was added to the same membrane vesicles. 

These results suggest that showdomycin is transported by the deoxycytidine 
transport system in the membrane vesicles from Escheriehia coli K 12 cells. 

Since the uptake of deoxycytidine by the membrane vesicles from showdomycin- 
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resistant mutant cells was only slightly inhibited by showdomycin (Fig. 2 and Table 
IIl), the deoxycytidine transport system involved in transport of showdomycin must 
be lost or inactivated in the membrane vesicles from mutant cells. 

As the first deoxycytidine transport system is no longer present in the mem- 
brane vesicles of mutant cells, it is very likely that it is the first deoxycytidine transport 
system which is responsible for the transport of showdomycin in the membrane 
vesicles from Escherichia coli K 12 cells. 

The deoxycytidine uptake by the membrane vesicles from parent cells was 
largely inhibited by uridine and deoxythymidine (Table IV). Further, though in the 
membrane vesicles from parent cells not only [14C]deoxycytidine uptake but also 
[14C]uridine and [14C]deoxythymidine uptake were markedly inhibited by show- 
domycin, uptake by the membrane vesicles from the mutant cells were essentially 
unaffected by the antibiotic (Table III). These results suggest that the first deoxy- 
cytidine transport system can transport uridine and deoxythymidine, in addition to 
deoxycytidine and showdomycin. 

It would seem that in the transport system of the membrane vesicles from 
showdomycin-resistant mutant (Shmr-001) cells, a component(s) of the first deoxy- 
cytidine transport system has been lost or inactivated. This conslusion strongly 
supports our previous consideration 3 that the showdomycin-resistant mutation is 
attributable to defects in the nucleoside transport system (designated as the common 
transport system in a previous paper 3) located on the cytoplasmic membrane of 
Escherichia coli K 12 cells. 

If out of two transport systems for deoxycytidine the first is inhibited by show- 
domycin while the second is not, then the antibiotic should inhibit only a part of the 
uptake of deoxycytidine by the membrane vesicles from parent cells. 

However, it is shown that showdomycin inhibits all uptake by the membrane 
vesicles from parent cells. Although resolution of this paradox must await further 
studies on the mechanism of uptake of deoxycytidine by the membrane vesicles, 
possible explanations for these facts may be either that the second deoxycytidine 
transport system is repressed by showdomycin which entered into the vesicles by the 
first deoxycytidine transport system, or that deoxycytidine which entered into the 
vesicles by the second deoxycytidine transport system rapidly effluxes from the 
vesicles in the presence of the antibiotic. 

Preliminary results recently obtained in our laboratory revealed that the 
isolated membrane vesicles from parent cells show activity for taking up [14C]show- 
domycin which is markedly stimulated by reduced phenazine methosulfate, and is 
strongly inhibited by deoxycytidine and adenosine but not significantly by guanosine, 
and that the isolated membrane vesicles of the mutant (Shmr-001) show no significant 
activity for taking up [~4C]showdomycin, regardless of the presence of reduced 
phenazine methosulfate. 

These results strongly support the conclusion that showdomycin is transported 
by the first deoxycytidine transport system but not by the second deoxycytidine 
transport system. 
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