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I. INTRODUCTION 

Considerable detail on the routes, mechanisms, 
and regulation of purine and pyrimidine utilization 
in a diversity of organisms and cell lines, made 
possible in a number of instances by the 
availability of appropriate mutants has been 
elucidated since the subject was first reviewed in 
1955l (and then only for Eschenchia coli) and 
later further expanded in a textbook series in 
1962. Because of the widespread usage of 
radioactively labeled exogenous nucleic acid 
precursors to trace the progress of cellular 
macromolecular synthesis it seems particularly 
important to evaluate the effects of at least some 
of the conversions involved in purine and 
pyrimidine utilization in terms of measurements 
that have been taken as indications of rates of 
,nucleic acid synthesis. Moreover, these studies 
under taken  in mammalian systems relate 
intimately to the application of base analogs in 
chemotherapy. 

This review will be limited to consideration of 
control mechanisms and interconversions prior to 
precursor entry into the nucleotide pool. An 
up-to-date account of the transport of bases and 

nucleosides and their conversion to nucleotides is 
presented; the further processing or utilization of 
nucleotides are, however, beyond the scope of this 
review. 

11. BACTERIAL SYSTEMS 

A. Purines 
1. Purine Base Utilization 

Conclusions concerning the mechanism of 
uptake of purine bases into bacteria - Purine bases 
are thought to be taken up by a mechanism in 
which the appropriate phosphoribosyltransferase 
enzyme (a distinct one for each purine) attached to 
the membrane converts the purine to the 
nucleoside monophosphate in the very process of 
transporting it across the membrane. PRPP is 
cosubstrate for the reaction and may reach the 
enzymes' active site from either side of the 
membrane; a specific approach side has not yet 
been determined. The entire reaction is subject to 
feedback inhibition by numerous 5' nucleotides 
which seem to compete with PRPP. l lese 
enzymes are more loosely bound to membrane in 
that they can be solubilized by a variety of 
techniques and are a t  least catalytically active in 
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aqueous solution. They are nevertheless considered 
true membrane components because of their 
intimate functional involvement in the purine 
transport process. The evidence upon .which these 
conclusions are based is discussed in the account 
which follows. 

a. Adenine Utilization 
Uptake in Bacillus subtilis was investigated by 

Berlin and Stadtman’ who found adenine uptake 
proportional to adenine phosphoribosyltransferase 
(PRT’ase) ac t iv i ty .  Because the adenine 
p hosphoribosyltransferase is inhibited by a 
number of 5‘ nucleotide inhibitors, it  was 
suggested that this might be the mechanism by 
which uptake is controlled. These authors also 
noted a stepwise pattern of periods of adenine 
uptake and plateaus over an 80-min time course 
which is suggestive of some “thermostat” type 
mechanism in the regulation, again implying the 
intermediacy of a regulatory process. Perhaps their 
most important finding was that the specific 
activity of intracellular AMP is greater than that of 
intracellular adenine after the cells are exposed to 
an environment containing ’ C-adenine. This 
by-pass of the internal adenine pool was taken as 
an indication of pool compartmentalization* 
allowing external adenine to be converted to 
internal AMP without mixing with internal free 
adenine. Because the concentration of free adenine 
intracellularly was greater than that in the medium 
used, they concluded that “a transport system of 
high concentrative capacity for free purines is 
demonstrated.” This conclusion is difficult to 
reconcile with the fact that the intracellular free 
adenine constituted 3 to 6% of the total 
radioactivity taken up and that this percentage 
increased with time rather than decreased, 
suggesting that it is a product rather than a 
precursor of intracellular metabolism. At the 
earliest measurement in these studies (50 sec), 
AMP represented about 29% of the nucleoside 
monophosphate, while at longer times it 
comprised as much as 48%. This result further 
suggests that much of the AMP may have arisen 
f r o m  i n t e r c o n v e r s i o n  o f  nuc leos ide  
monophosphates formed prior to AMP, but not 
involving free adenine. Such an interpretation is 
tenuous, however, because “other nucleoside 
monophosphates and some ADP’ are not 
quantified in the presentation of data. Further 
difficulties in elucidating initial entry mechanisms 

in this study arise from the consideration that, by 
the time of the first measurement (50 sec), 90% of 
the total adenine taken up was already in the form 
of nucleoside triphosphates and nucleic acids. 

The postulation of “a transport system of high 
concentrative capacity for free adenine”’ is also 
difficult to reconcile with their observations that, 
of all the metabolic uncouplers and energy 
i n h i b i t o r s  t e s t e d ,  o n l y  t h e  c h e l a t o r  
8-hydroxquinoline has dramatic inhibitory effects 
on adenine uptake. The authors did, however, 
attribute these results to an action of the quinoline 
on  t h e  phosphor  i b o s y 1 t r ans  ferase. Thus, 
concentration against a gradient was suggested 
without i t  being dependent on general metabolic 
energy. 

These criticisms are in no way meant to detract 
from the importance of the contributions of this 
study at the time it was made. The recognition of 
the importance of the phosphoribosyltransferase 
in purine uptake and the finding in those that the 
phosphoribosyltransferases are regulated by a great 
many 5’ nucleotides (cf. Reference 2) which serve 
as a possible control mechanism for uptake are 
very significant achievements. These deductions 
laid the entire foundation for subsequent work 
w h i c h  e luc ida ted  the  way i n  wh ich  
phosphor  i b o s y l  t r a n s fe r as es might actually 
function in transport, compartmentalization, and 
regulation by so many effectors. 

Adenine uptake in E. coli has been studied 
extensively by Hochstadt-Ozer and Stadtman.3-s 
The first aspect of their studies concerned with 
adenine phosphoribosyltransferase regulation of 
adenine uptake was an examination of regulatory 
controls operative on the activity of the enzyme 
itself. In order to establish findings unambiguously 
t h e  aden ine  phosphoribosyltransferase was 
purified to h~mogene i ty .~  The starting material 
for the purification was homogenates of whole 
cells prepared from cultures completely dependent 
upon the purine phosphoribosyltransferases for 
meeting their purine requirements. They were 
grown in a medium that contained purine bases 
amethopterin (to block purine synthesis de novo 
as well as that of thymine synthesis), and replace- 
ment thymidine. Extracts isolated from cells 
grown in such a medium and harvested at the 
onset of the stationary phase contained as much as 
a hundred times the adenine phosphoribosyl- 
transferase activity as extracts from control cul- 
tures grown on nutrient broth. Calculations made 
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with data obtained for the purified enzyme indi- 
cate the basal level of enzyme to be - 50 
molecules per E. coli cell and at maximum 
derepression - 5,000 enzyme molecules per cell. 
The enzyme was purified from the extracts by 
conventional means and homogeneity was ascer- 
tained by constancy of specific activity over an 
effluent enzyme peak and by analytical acrylamide 
gel electrophoresis. The enzyme as freshly pre- 
pared at neutral pH and in the presence of Mg2+ 
has a molecular weight of - 40,000 daltons and is 
reasonably stable. Subunits with adenine phos- 
phoribosyltransferase activity can be obtained at 
alkaline pH and in the absence of Mg*+. Such 
smaller forms of the enzyme are, however, un- 
stable, with almost all activity lost within 24 hr of 
dissociation, even at 4°C. The E. coli adenine 
phosphoribosyltransferase is specific for adenine, 
does not accept aminoimidazole carboxamide or 
6-OH purines as substrates, and exhibits Michaelis- 
Menten kinetics. The 5' nucleotides inhibit 
enzyme activity to varying extents, with all 
adenine 5' nucleotides being potent 
idubitors. However, adenosine, deoxyadenosine, 
3'5' cyclic AMP, and any free bases are ineffective. 
All nucleoside triphosphates, but only the purine 
nucleoside diphosphates are exceedingly effective 
inhibitors at submillimolar concentrations. Inhibi- 
tion occurs via competition with 5-phosphori- 
bosyl-1 -pyrophosphate (PRPP). Though competi- 
tion at the active site by all effectors sharing the 5' 
phosphoribosyl moiety with the substrate PRPP 
would be a simple mechanism by which the entire 
interconvertible nucleotide pool might exert 
control on activity, there is some question as to 
whether there might not be several regulatory 
sites. Two reasons exist for raising this question. 
For one, uridine triphosphate (UTP) is a better 
inhibitor than ADP, for instance, whereas uridine 
diphosphate (UDP) does not significantly inhibit 
the reaction. Thus, both the phosphoribosyl con- 
figuration and base must be included in the struc- 
ture necessary for control of enzyme activity. 
Secondly, certain combinations of 5' nucleotides 
when present at physiological concentration are 
less inhibitory than each would be individually, 
suggesting a mechanism for antagonism 

(Hochstadt, unpublished results). Nucleoside tri- 
phosphates at very low concentrations stimulate 
activity but inhibit at higher  concentration^.^ 
Such stimulation may be related to induced 
conformational changes after effector interaction 
with either the catalytic or the regulatory site of 
one or more subunits of a complex enzyme, which 
affects the interaction of substrate and catalytic 
sites on other subunits in a positive manner (i.e., 
leading to increased activity). 

Subsequent to the characterization of the ho- 
mogeneous enzyme obtained from sonic extracts 
of E. coli, the possible role of enzyme in adenine 
phosphoribosyltransferase transport was investi- 
gated using isolated membrane vesicles prepared 
by the method of K a b a ~ k . ~ , ~ '  The membrane 
vesicles as isolated possess two enzymes capable of 
metabolizing adenine? both adenine phosphori- 
bosyltransferase and adenosine phosphorylase 
activities could be measured. However, when 
adenine uptake activity was assessed in the vesi- 
cles, only PRPP, the cosubstrate for the adenine 
phosphoribosyltransferase, had a significant stimu- 
latory effect. Ribose-1 -phosphate, the cosubstrate 
for adenine phosphorylase, was completely inef- 
fective. When the vesicle contents were chromato- 
graphed it was observed that adenine, which 
appears to be concentrated relative to the medium, 
had accumulated intravesicularly as AMP and the 
AMP concentration within the vesicles reached 
many times the level of the original external 
adenine concentration. The kinetics of the uptake 
reaction in membrane vesicles closely parallel the 
kinetics of the membrane phosphoribosyltrans- 
ferase, suggesting virtual identity of the membrane 
transferase with the enzyme purified to homogene- 
ity from cell extracts. 

Though inhibitors of the enzyme in vitro are 
also inhibitors of the transport reaction, on a 
qualitative basis, transport inhibition requires 
higher effector concentration to achieve similar 
inhibition. This finding suggests restricted access 
of the inhibitor to the regulatory site when the 
enzyme is embedded in the membrane. The 
fraction of enzyme which is purified with the 
vesicles can be eluted from the vesicles by 
freeze-thawing, with concomitant loss of uptake 

?Both of these enzymes are more loosely bound than what is thought of as typical particulate insoluble enzymes usually 
called membrane enzymes. The major portions of the two enzymes can be obtained soluble from homogenates. Since they 
do purify with the membrane and moreover here show membrane function, they are considered soluble membrane 
constituents. 
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activity by the vesicles. The percentage of mem- 
brane-bound enzyme correlates well with uptake 
activity, although occasionally uptake activity 
could be diminished in excess of the amount of 
enzyme released. The phosphoribosyltransferase 
released cochromatographs with the completely 
purified enzyme isolated from cell homogenates 
and showed similar subunit and regulatory be- 
havior. Two observations strongly suggest that free 
adenine must interact with the membrane enzyme 
before transport across the membrane occurs: 
PRPP is equally accessible to the active site when 
presented from within or without the vesicle4 and 
the enzyme itself resides on the exterior of the 
membrane since it is shock-releasable.’ I t  was 
therefore postulated that the membrane phospho- 
ribosyltransferase is itself the transport system and 
that phosphoribosylation of adenine is a require- 
ment for transport. Such requisite metabolism 
during transport is observed for a number of sugars 
in bacteria transported by the phosphoenolpyru- 
vate-dependent phosphotransferase system’ and 
these conversions have been termed group trans- 
locations. The group translocation mechanism 
could certainly explain all of the results of Berlin 
and Stadtman’ relating to compartmentalization, 
by-pass of adenine pools, and ineffectiveness of 
general metabolic inhibitors on a specific concen- 
trative uptake process. In particular, the latter 
observation concerning metabolic inhibitors may 
be explained by putative stores of PRPP in isolated 
membranes inferred by Hochstadt-Ozer’ and by 
Hochstadt-Ozer and Stadtman.“ 

Several questions were unanswered, however, 
by the vesicle studies: a role for membrane 
adenosine phosphorylase, since it was not impli- 
cated in adenine utilization; the paucity of mem- 
brane-associated enzyme activity after membrane 
isolation in comparison with total cellular phos- 
phoribosyltransferase ; and the observation that 
more AMP is released on the exterior surface of 
the membrane vesicle after enzyme action than on 
the interior surface. 

In order to answer these questions, the vesicle 
studies were followed up by investigations with 
intact cells.’ Adenine uptake rates in whole cells 
reflect the participation of the total phosphori- 
bosyltransferase in uptake under the reaction 
conditions expected to exist within whole cells. 

Thus, the membrane phosphoribosyltransferase (if 
it is assumed that in situ all of the adenine 
phosphoribosyltransferase is membrane associated) 
could be the only mechanism for adenine uptake 
by the cells. Moreover, regulatory effects of the 
metabolic pool could be quite easily demonstrated 
in intact cells. Freshly harvested cells could not be 
stimulated by glucose (or other energy sources) to 
take up more than at the basal rate observed in the 
absence of glucose nor could they be inhibited to 
take up less by nucleotide additions. Cells which 
had been starved in the cold for at least six hr, 
however, are responsive both to stimulation of 
uptake by a number of energy sources as well as to 
the inhibitory effect of 5’ nucleotides. Moreover, 
in the presence of an energy source and in the 
absence of nucleotide inhibitors, starved cells ex- 
hibit initial adenine uptake at a linear rate which 
exceeds the rate observed in freshly harvested cells. 
This higher than “freshly harvested rate” was 
attributed to release of the enzyme system from 
regulation as a consequence of depletion of the 
nucleotide pool during the period of starvation. In 
part, the response to effectors might also be 
attributable to greater access after some degree of 
s ta rva t ion-  r ela t e d peptidoglycan auto1ysis.t 
Though several metabolizable sugars and sugar 
phosphates could serve as energy sources for the 
starved cells to resume uptake, only PRPP would 
stimulate adenine uptake in the presence of 
iodoacetamide. This was interpreted as indication 
that, with the exception of PRPP, all other energy 
donors require metabolism (presumably to form 
PRPP from ATP and ribose-5-P) involving the 
glycolytic pathway. 

In starved cells of E. coli less than 10% of the 
adenine taken up in the first minute or two is 
recovered as nucleoside triphosphate or in ma- 
cromolecules.* This is in contrast to the previously 
discussed studies of Berlin and Stadtman’ in 
which 90% of the adenine taken up by freshly 
harvested cells of B. subtilis was found associated 
with such compounds even after 50 sec. Both in E. 
coli’ and in B. subtilis’ the predominant species 
of nucleoside monophosphates were not AMP. 
Though this was considered to  result from either 
intracellular interconversions of the nucleotides or 
from reactions prior t o  uptake, there is consider- 
able evidence now that the latter is clearly the 

?Presumably the outer membrane of enteric bacteria does not present a selective barrier to the passage of small molecules 
from the environment whereas the inner membrane has specific and selection permeability (transport) properties. 
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case. Enzymes of base and nucleoside interconver- 
sion are now known to reside in the periplasm.’ 
Moreover, interconversions in the periplasm are 
not subject to nucleotide pool regulation6 while 
the intracellular enzymes for nucleoside mono- 
phosphate interconversion are subject to the most 
stringent pool regulation.’ Furthermore, the ad- 
dition of sodium sulfate, an inhibitor of the 
periplasmic purine nucleoside phosphorylase, to 
the reaction mixture during adenine uptake re- 
sulted in a significantly greater proportion of re- 
covery of nucleoside monophosphate as AMP.’ 

These results may make it necessary to qualify 
the role of the membrane adenine phosphoribo- 
syltransferase in adenine utilization in nature. 
Though there is sufficient enzyme to take up all 
the adenine by this mechanism, the majority of 
the adenine could possibly be taken up as hypo- 
xanthine by a group of translocation to IMP in the 
absence of either guanine or hypoxanthine in the 
medium at the time of adenine uptake. The 
presumptive pathway would be adenine + adeno- 
sine + inosine + hypoxanthine + IMP. The 
enzymes for all the reactions are present in the 
membrane vesicle preparations and it is assumed 
that all but the last would take place on the outer 
surface of the membrane or in the periplasm while 
the last would proceed across the membrane itself. 
Of course, the experimental situation with adenine 
as solitary substrate may be artifactual; in nature if 
cells have any nucleic acid precursors to utilize, 
there may always be combinations of them, i.e., 
combinations of equal amounts of guanine and 
adenine as might be derived from nucleic acid 
substrates. In this case both the 6NHzPRT’ase and 
6-OH PRT’ase might be equally saturated and 
adenine might not be shunted through a pathway 
involving its deamination. In such instances inde- 
pendent feedback mechanisms for each might be 
fully operative. Nevertheless, if the intracellular 
pathway of adenine metabolism is to be exclusively 

tional, the free bases are only effective after 
conversion to nucleotides. 

Because effectors are fully accessible from the 
outside even in whole cells under appropriate 
conditions, i.e., “shocking” them in by a transient 
osmotic shock opening and reannealing of vesicles 
gave no change in their effectiveness,’ and only a 
small fraction of the adenine phosphoribosyl- 
transferase is recovered on the membrane after 
membrane isolation, the possibility that the phos- 
phoribosyltransferase is situated in the periplasmic 
space was considered. Numerous osomotic shock 
experiments were performed, the recovery of 
adenine phosphoribosyltransferase in the shock 
fluid was determined, and the extent of adenine 
uptake by shocked cells was measured. Each batch 
of cells gave a somewhat different proportion of 
enzyme release when shocked, but this was quite 
reproducible among duplicate shock treatments 
performed on  portions of the same culture. The 
resulting loss in transport very closely parallels 
enzyme loss. This was the first reported instance 
of an enzyme which is neither quantitatively 
released into the shock fluid, as might be expected 
of a strictly periplasmic enzyme, nor completely 
retained as might be expected of an intracellular 
enzyme.’ This behavior, however, is most consis- 
tent with the observations that the enzyme resides 
on the membrane itself, but located on the outer 
surface as indicated by effector and substrate 
access from the exterior. Thus, the association of 
the adenine phosphoribosyltransferase with the 
membrane is neither as tenuous as that of enzyme 
I and HPr of the PEP-dependent phosphotrans- 
ferase transport system’ for sugars, nor so tight 
that significant amounts (about half) cannot be 
released by osmotic shock (cf. Reference 5). Some 
of the major characteristics of the adenine phos- 
phoribosyltransferase mediated adenine transport 
system in whole cells, vesicles, and purified en- 
zyme are compared in Table I .  

followed, mutants for the periplasmic pathway 
between adenine and hypoxanthineZ4 or  for hy- 
poxanthine uptake itself may be desirable as a 
means to further elucidating the pathway of direct 
adenine utilization.’ ‘ 9 ’  ’ 

B. Hypoxanthine and Guanine Utilization 
Investigations similar to those for purification 

and classification of the adenine phosphoribosyl- 
transferase of E. coli have been carried out with 
respect to the 6-OH purine phosphoribosyltrans- 

Though free bases are ineffective in regulating ferase(s) (E.C. 2.4.2.7). These enzymes which 
the activity of the purified enzyme, these do transfer the 5-phosphoribosyl moiety for PRPP to 
inhibit uptake in whole cells. It may be presumed guanine, hypoxanthine, .and xanthine to form 
that since the pathways for the uptake and GMP, IMP, and XMP, respectively, have been 
phosphoribosylations of all free bases are func- from a number of sources. The purified’ ’-’ 
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TABLE 1 

Characteristics of E. coli Adenine Phosphoribosyltransferase System and Adenine Uptake 

Adenine phosphoribosy ltransferase Adenine uptake 

Purified enzyme Membrane enzyme Isolated membranes Intact cells 

K, adenine 15-25 pM 15-25 pM 15-25 f l  15-25 pM 
0.1-0.2 mM 0.1-0.2 mM 

GTP, GDP GTP, GDP GTP, GDP GTP, GDP 

K, PRPP 0.1-0.2 mM 0.1-0.2 mM 
Nucleotidea effectors ATP, dATP, ADP, ATP, dATP, ADP, ATP, dATP, ADP, ATP, dATP, ADP, 

aSeveral other nucleotide effectors were not tested in all four systems. 

enzymes  f rom enteric bacterial 2-1 and 
humans' ' have exhibited certain unusual proper- 
ties. Though several enzymes (or isozymes) have 
been isolated, their relationship to one another 
remains unclear. The various forms of the human 
enzymes, separated by isoelectric focusing, differ 
in their activities for IMP, XMP, and GMP forma- 
tion, though all three can be demonstrated as 
substrates for each form.I6 The relative activity 
for each substrate (hypoxanthine, xanthine, or 
guanine) of the isozymes changes as a function of 
storage at 4OC; the isoelectric mobility of the 
fraction correspondingly changes. Work in this 
laboratory'2 has resulted in the separation of 
several fractions of E. coli K12 6-OH purine 
phosphoribosyltransferase(s) by chromatography 
on ECTEOLA-cellulose (in much the same way as 
was achieved by Krenitsky et al.' 4, We have found 
that E. coli enzyme fractions also change in 

substrate specificity when stored in the cold, but 
have not yet rechromatographed these fractions to 
determine whether alterations in elution patterns 
parallel activity changes (as was found for the 
human enzyme).' *1 

In E. coli, the 6-OH purine phosphoribosyl- 
transferase activities are derepressed when cells are 
made dependent on exogenous purines, as seen in 
Table 2. Derepression is coordinate for all purine 
activities and permits large quantities of the 
enzyme(s) to be obtained for purification and 
study. The derepressed activities are purified to- 
gether throughout the procedures as shown in 
Table 3 and Figures 1 and 2. A subsequent 
purification step on ECTEOLA-cellulose (not 
shown) led to  the isolation of four activity peaks, 
but the activity of these peaks is not always stable. 
Consequently, kinetic and regulatory data were 
obtained on the preparation prior to chromato- 

TABLE 2 

Derepression of 6-OH Purine Phosphoribosyltransferase Activities from E. coli K, 

Specific activity of crude extract 
(pmol x lO'/mg/min) 

IMP GMP XMP 
Medium Hours of growtha Turbidityb formed formed formed 

VBC Medium 14 130 0.041 0.046 0.054 
28 220 0.086 0.090 0.099 

VBC Medium Plus PurinesC 14 183 0.140 0.152 0.162 
28 217 0.611 0.654 0.701 

PAT Mediumd 14 147 1.649 1.710 2.078 
28 236 3.271 3.412 4.118 

aCultures were started from loop inocula and maintained with shaking at 37". 
bKlett units, #66 fiter. 
'Adenine, guanine, hypoxanthine, xanthine 0.1 m M  each. 
dAdditions as for c. plus amethopterin, 0.3 pM; thymidine 0.1 mM. 
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TABLE 3 (Continued) 

The procedure used for purifying the enzyme was as follows: 
Step 1. Growth under conditions maximizing enzyme activity - See Reference 3 and Table 2. 
Step 2. Preparation of cell extracts - Frozen cells were thawed at room temperature, suspended in 5 to 10 volumes of 

50 mM potassium phosphate buffer (pH 7.5), and sonically disrupted at  0°C by six 30-sec bursts (at maximum output with 
Heat Systems-Ultrasonic, Inc., Model 185W Sonifier Cell Disruptor) with intervening cooling at 0°C and cell debris was 
removed by centrifugation at  10,000 rpm for 20 min. 

Step 3. Streptomycin precipitation - Streptomycin sulfate at 4"C, 10% by volume of a 10% solution was added to the 
supernatant solution also at 4°C (20 to 40 mg of proteinlml) obtained from Step 2. After stirring for 10 min in the cold, 
the mixture was centrifuged. 

Step 4. Ammonium sulfate precipitation - The supernatant solution from Step 3 was adjusted to  a protein 
concentration of 10 mg/ml, pH 7.8, with tris-HCI (50 mM final) and a saturated solution of (NH,),SO, was added to a 
final concentration of 35% saturation by volume. The treatment was at room temperature and equilibration was for 15 min 
with stirring. The precipitate w a s  collected by centrifugation in the cold for 10 min at  10,000 rpm. The pellet was 
discarded. Saturated (NH,),SO, solution was added to that supernatant solution to 42% saturation by volume. 
Equilibration and collection of the precipitate were as before; the precipitate was resuspended ih 20 mM tris-HCI (pH 8.0). 
The fraction precipitating between 42% and 49% saturated ammonium sulfate was then collected and tested for adenine, 
guanine, hypoxanthine, and xanthine phosphoribosyltransferase activities; it was either pooled with the 35 to 42% fraction 
if it had considerable 6-OH purine transferase activity, used to prepare the adenine phosphoribosyltransferase if that 
activity predominated, or discarded. Figure 1 shows the distribution of the four purine phosbhoribosyltransferase activities 
after (NH, )1 SO, fractionation. It can be Seen that the adenine phosphoribosyltransferase activity is clearly distinct from 
the other activities which coprecipitate by this means of fractionation. 

Step 5 .  Precipitation with acetone - The protein fraction salting out between 35 and 42% saturated (NH, ),SO, (or 35 
to 49%, see above) was adjusted to 10 mg/ml protein and 20 mM tris-HC1 (pH 8.0). One volume of acetone at -7'C was 
added with stirring to four volumes of protein solution cooled in an ice-salt bath. The mixture was centrifuged and the 
supernatant brought to -1OOC with an ice-salt bath; four additional volumes of acetone a t  -10°C were added with stirring 
and the mixture was centrifuged at -15°C. The pellet was collected, drained, and resuspended in 20 mM tris-HCI (pH 8.0) 
at 0°C (final volume - one half that of the protein solution originally treated with acetone), and dialyzed against one liter 
of 20 mM tris-HCI at O°C for 2 hr. 

Step 6. Treatment with C-y gel - The solution from Step 5 was adjusted to pH 6.0 with 50 Mpotas s ium phosphate 
buffer and mixed with a suspension of aged C-y gel in 50 mM potassium phosphate buffer. Elution was at  pH 7.5 and in 
some batches an additional pH 8.0 elution step was performed when recoveries at  pH 7.5 were low. 

Step 7. Chromatography on Biogel P150 - Step 7 was performed as described for adenine phosphoribosyltransferase in 
Reference 3. The 6-OH purine enzyme activities were recovered in the void volume. 

Step 8. Chromatography on Biogel A 0.5 - Chromatography was performed under conditions employed for the other 
Biogel column in Step 7. These enzyme activities for all 6-OH purines cochromatographed on the A 0.5 column with the 
exception that a second lower molecular weight peak (activity unstable) was observed for the hypoxanthine to IMP 
reactions in some, but not all, preparations. Results are shown in Figure 2. 

Assay of guanine phosphoribosyltransferase activity - Determination of activity was as described for adenine 
ph~sphoribosyltransferase.~ Chromatographic separation of guanine and GMP was on cellulose thin layers in 1 M NH, 
acetate. Guanine and GMP have Rf values of 0.4 and 0.8, respectively, in this solvent. 

Assay of xanthine phosphoribosyltransferase activity - Assay conditions were as described for the adenine3 and 
guanine activities. Development of cellulose thin layers was in 1 M NH, acetate and the Rf values observed were 0.5 for 
xanthine and 0.85 for XMP. 

Assay of hypoxanthine phosphoribosyltransferase activity - The convenient and rapid aqueous system described for 
separating the other purines from their nucleoside monophosphates had only limited use for separating hypoxanthine (Rf 
0.6 in 1 M NH, acetate) from inosinic acid (Rf 0.9 in 1 M NH, acetate). It could be used with hypoxanthine of very high 
radiopurity if chromatograms were run for at least 10 cm and the reaction mixture did not contain other nucleoside 
additions. Therefore, for many of the kinetic and all of the regulatory experiments, the formation of inosinic acid was 
measured by separation from hypoxanthine by chromatography in a nonaqueous solvent system. The solvent used 
consisted of equal parts of the following two solutions, designated A and B (forms one phase at temperatures above 22°C). 
Solution A contained 1,246 ml of butanol and 84 ml of distilled water and solution B contained 620 ml of propionic acid 
and 790 rnl of distilled water. Other details of the assay were as previously described for the adenine phosphoribosyltrans- 
f e r a ~ e . ~  

. 
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e 4 120 

(NH, )2 SO4 , '10 Saturation 

Separation of 6-OH and 6NH,  phosphoribosyltransferase activities FIGURE 1 .  
in E. coli. (See Reference 3 and Table 3 for details.) 

FRACTION NUMBER 

FIGURE 2. Cochromatography of xanthine, guanine, 
and hypoxanthine phosphoribosyltransferase activities in 
E. coli. (See Reference 3 and Table 3 for details.) 
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GUAN INE K r n - 2 . ! 5 ~ l O - ~ M  I 2 4 10 20 
[ K m  PRPP - 10-4M] 

FIGURE 3. Rate dependence of guanine phophoribosyltransferase on guanine 
concentrations. Carried out as for adenine assay, Table 3 and Reference 3, the 
reaction was begun by the addition of PRPP, 2 mMp1 final concentration. A 
parallel series containing the guanine concentrations indicated above, but to 
which no PRPP was added served as a control series which was subtracted from 
each experimental point. Enzyme activity of the fraction from Step 8, Table 3 is 
plotted as the double reciprocal of substrate concentration and reaction rate. 
Though the ordinate is plotted in arbitrary units specific activity at the 
y-intercept for each step in the purification is given in Table 3. 

graphy on ECTEOW-cellulose. In order to ascer- 
tain the number for isoenzymic forms of 6-OH 
purine phosphoribosyltransferase, such a prepara- 
tion was subjected to gel electrophoresis; three to 
four activity bands were observed in several 
electrophorograms. Future experiments will ex- 
amine the relationship of culture conditions on the 
number and mobility of isoenzymes found. 

The enzyme kinetics for both PRPP and the 
purine substrates follow a Michaelis-Menten rela- 
tionship (Figure 3). This typical kinetic response, 
together with the strict copurification observed, 
until the ECTEOLA step, leads us to believe that 
enzyme moieties probably share subunits or  are 
otherwise related (cf. Reference 15). The pH 
profiles do  differ for each substrate and give some 
indication of bimodality; maximal activity occurs 
at pH 7.9 for guanine and pH 8.8 for xanthine 
(Figure 4). Regulation of the enzymatic activities 
is quite pronounced in the presence of 5' nucleo- 
tides. In the presence of saturating PRPP, however, 
unusual stimulation is observed with low concen- 
tration of 5' nucleotides. Inhibition by 5' nucleo- 
tides and stimulation at low effector concentration 
has been noted for the adenine phosphoribosyl- 

transferase (previous section) and for other phos- 
ph~ribosyltransferases.~ 3' Regulation of the XMP 
activity is seen in Figure 5, while control patterns 
for the GMP forming enzyme are summarized in 

pK Xo,nthine Xonfhine: 

.24 

,144 1 I I I I I I 

7.0 7.4 7.0 8 2 0.6 9.0 
PH 

FIGURE 4. Effect of pH on 6-OH purine phosphori- 
bosyltransferase. See Reference 3 and Table 3 legend for 
experimental details. The assay was performed using 
Tris-HC1 0. I M final concentration. 

268 CRC Critical Reviews in Bioclremisfry 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



.2.4 1.6 4 20 40 
[NUCLEOTIDE] M x  lo4 

FIGURE 5. The effect of 5' nucleotides on  xanthine phosphoribosyltransferase 
activity. Stock solutions (0.1 M) of the compounds tested were freshly prepared 
and neutralized to pH 6.0 to 6.5 with potassium hydroxide (where necessary) and 
stored in small aliquots a t  -20°C; any individual tube thawed twice was discarded 
after use. These reagents were first tested to migrate as a single spot in 1 M NH, 
acetate o n  cellulose thin layers. More dilute solutions were prepared as required, 
kept at 0 to 4°C and discarded after 24 hr. Reactions were performed as for the 
adenine enzyme described in Reference 3 with the exception that 0.2 mM 
8-' 'C-xanthine, 4 8  mCi/mmol (Schwarz Inc.) was the substrate. A measure of 20 
ng of enzyme protein was used for obtaining each point and the pH for the 
reaction was maintained at  8.6 with Tris-HCI (0.1 Mfinal). 

Figures 6 and 7. Feedback regulation of both 
enzymes is similar to the pattern for the AMP 
forming enzyme3 in that it is competitive with 
[PRPP] and that effectors with the same substi- 
tuent in position 6 as the substrate are the most 
potent effectors. Some further information on the 
regulation of transport, which probably involves 
these enzymes, has also been obtained as a part of 
other studies on nucleoside uptake and S-pyro- 
phosphorylguanosine-3-pyrophosphate @pCpp) 

It had been earlier observed that transferase 
activity for 6-OH purines was retained in mutants 
for which transport was defective, and this was at 
first taken as indication of a lack of involvement 
of PRT'ase in the transport process.' ' This view 
has recently been reevaluated in light of the 
finding that there are at least two forms of the 
enzyme. ' O Recently, two laboratories' 9' I 

have been able to isolate Salmonella typhimurium 
mutants either unable to utilize hypoxanthine 
while still able to utilize guanine' or conversely 

unable to take up guanine while retaining the 
ability to take up hypoxanthine." One of the 
chromatographically identifiable enzyme forms is 
missing in this latter strain," which contains a 
deletion in the pro A 0  region of the Salmonella 
chromosome and was found by accident rather 
than by selective techniques.' The selective 
techniques previously used' led to "adaptive 
resistance"? to 6-mercaptopurine rather than to a 
mutation, possibly because of the involvement of 
multiple gene products. However, the hypoxan- 
thine-deficient strain was obtained by selection. It 
was constructed by an elaborate series of trans- 
ductions beginning with double mutants for purine 
auxotrophy and then introducing defects in gua B 
and gua C cistrons which code for enzymes of 
guanine interconversion.' The map location of 
this new mutant, Hpt 1, has not yet been 
determined. Though each of these strains is com- 
pletely unable to take up guanine or hypoxan- 
thine, as the case may be, extracts of the cells do 
contain phosphoribosyltransferase activity for all 

tAdaptive resistance is meant here as a change which depends on  the continued presence of the selective agent for 
continued expression. The mechanism for the drug resistance in this instance has not been discovered. 
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2000 c 

MP 

GMP 
GTP P'" ' 

2x10'-4 6x10-4 [NUCLEOTIDE] M 

FIGURE 6. Comparison of the effects of guanine vs. adenine nucleotides on the 
activity of guanine phosphoribosyltransferase. The experiment was performed as 
described in Reference 3 and Figure 5 with the exception that 8-' 'C-guanine 36.1 
mCi/mmol (Amersham Searle) was the substrate tested. The pH was maintained at 
8.4 in the presence of 0.1 M Tris-Ha. The reaction was allowed to proceed at 
37°C for 5 min. 

I20  R 

2- 1, I " I GMP " 
.4.8 1.6 4 20 40 

NUCLEOTIDE CONCENTRATION M X  lo4 

FIGURE 7. Inhibition of guanine phosphoribosyltransferase by 5' nucleotides 
of 6-OH purines. The experiment was 'conducted in the same way as in Figure 6 
The total reaction mixture was 30 pl of which a 2 pl aliquot was spotted on the 
thin layer. Ten ng of enzyme protein was used in each experimental determina- 
tion. Guanine in the amount of 0.4 nmol of the total of 5.6 nmol added was 
converted to GMP in the uninhibited samples in this experiment and in that 
described in Figure 6. 

6-OH purines, albeit with lowered activity for the 
untransported substrate. A third variant has been 
recently described which is 6-mercaptopurine re- 
sistant, retains all guanine and almost all hypo- 
xanthine activity, but no longer forms thioinosinic 
acid and lacks one form of the enzyme as detected 
by gel electrophoresis.' 

Recently, evidence linking the enzyme forms 

on the membrane with transport has been ob- 
tained through the use of isolated membrane 
vesicles (Light and Hochstadt, unpublished re- 
sults), prepared from the pro AB 47 deletion strain 
of Gots et al.' and the Hpt 1 strain of Chou and 
Martin.' ' Duplicate cultures were used for the 
preparation of sonic extracts and the purification 
of 6-OH purine phosphoribosyltransferase activity. 
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Isolated membrane vesicles could then be studied 
for both uptake and enzyme activity and com- 
pared with the enzyme prepared from whole cell 
extracts. Our results with either whole cell uptake 
or with the enzymes isolated from cell homo- 
genates are identical to the results obtained in the 
laboratories originally describing the strains, i.e., 
there is virtually complete loss of uptake activity 
for one base, but only partial loss of catalytic 
activity by the soluble enzyme preparations. We 
then studied the vesicle preparations for both 
uptake and catalytic activity. The vesicles are very 
specific: those prepared from Pro AB 47 would 
only take up hypoxanthine while those from Hpt 
1 would only take up guanine. When membrane 
phosphoribosyltransferase activity of the vesicles is 
measured independent of the transport assay, this 
specificity is retained: Pro AB 47 vesicles do not 
convert guanine to GMP, but do convert hypo- 
xanthine to IMP; Hpt 1 does not convert hypo- 
xanthine to IMP, but does convert guanine to 
GMP. When the vesicles were either subjected to 
sonic oscillation or to repeated freeze-thawing, 
significant enzyme activity could be liberated into 
a form that is unsedimented at a force of 100,000 
times the force of gravity (one hr). These soluble 
enzymes are, however, capable of converting either 
guanine or hypoxanthine to the conjugate nucleo- 
tide. Thus, it appears that the same enzyme(s), 
when embedded in or associated with the mem- 
brane, have very restricted activity, but when 
released from the membrane have less restricted 
specificity. The conformation of these enzymes in 
the membrane, therefore, must be maintained by 
the environment. 

It is also possible that the enzyme forms do  not 
differ in their primary structure, but differ by 
having some lipid or glycan moiety attached to 
them which alters the single gene product 6-OH 
purine phosphoribosyltransferase. Alteration in a 
ligand could account for the change in the 
c h r o m a t  og r a p h i c on 
ECTEOLA-cellulose columns and might also be 
the mechanism of enzyme binding to a specific 
membrane site. Thus, until sufficient character- 
ization of the purified enzyme has been com- 
pleted, it is possible that the mutant strains 
described' are altered in the ability to make 
or attach some specificity-rendering ligand rather 
than mutant in the structural gene(s) for the 6-OH 
phosphoribosyltransferase. This system seems to 
be potentially significant for study of membrane- 

b e h a vi o r o b s e rv e d 

enzyme interactions and elucidation of the pos- 
sible lipid or glycan role in membrane protein 
function. 

A possible regulation of hypoxanthine and 
guanine uptake concomitant to amino acid control 
of nucleic acid synthesis was suggested by the 90% 
contraction of the exogenously labeled guanine 
nucleotide pool during the stringent response.8 
' ' a The specific relationship between uptake and 
pool contraction has recently been explored using 
isolated membrane vesicle transport systems and 
purified p ~ G p p . ~  During the stringent response 
(i.e., marked reduction of net macromolecular 
synthesis in stringent strains under conditions of 
starvation for one or more amino acids), stringent 
strains of E. coli do not utilize exogenous nucleic 
acid precursors for whatever FWA synthesis does 
proceed. To ascertain whether the regulatory 
mechanism is operative at the level of membrane 
transport, Hochstadt-Ozer and Cashel examined 
the effects of ppGpp, the unusual nucleotide 
synthesized during the stringent response, on 
isolated membrane vesicles and purified purine 
phosphoribosyltransferase activities. It was ob- 
served that membrane vesicle transport activity for 
6-OH purines is inhibited over 80% in the presence 
of 3.0 mM p p G ~ p . ~  Intracellular levels of ppGpp 
during amino acid control are 2 to 4 mM; during 
exponential growth, ppGpp levels are 0.1 mM to 
0.4 mM. The effects of ppGpp on the membrane- 
bound phosphoribosyltransferase activity for IMP 
and GMP formation are almost identical t o  the 
effect on transport. The effect of ppGpp was also 
tested for its effects on the activity of purified 
soluble enzyme in forming GMP and IMP from 
guanine and hypoxanthine respectively. The ef- 
fects on the soluble enzyme are far more dramatic 
than those observed for ppGpp interaction with 
the membrane. Eighty to ninety percent inhibition 
of GMP formation by purified enzyme was ob- 
served at ppGpp concentrations usually found 
within the cell during exponential growth. Since 
cells can be made dependent on exogenous 
guanine, for instance, and thus would be required 
to utilize the phosphoribosyltransferase at almost 
full capacity (cf. calculations in Reference 5), the 
fact that the inhibitions observed in vitro are 
inconsistent with.  similar functions of a cyto- 
plasmic soluble enzyme in vivo provides addi- 
tional, albeit indirect, evidence that all purine 
phosphoribosyltransferase activity in situ must be 
membrane-associated. The membrane association 
in this case undoubtedly either maintains the 
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enzyme in a conformation that renders it less 
susceptible to effector interaction, or physically 
precludes access by ppGpp. From the complex 
kinetics of ppGpp inhibition, the former possi- 
bility may be the more likely.8 A similar relation- 
ship of soluble and membrane-bound activities was 
observed for the effects of ppGpp on the adenine 
enzyme and uptake system. Though ppGpp has, 
overall, far less effect on 6-NH2 purine utilization 
than on 6-OH purine utilization, the inhibiting 
effects on the isolated adenine phosphoribosyl- 
transferase are at least twofold greater than those 
observed with the membrane-bound enzyme. The 
lesser effect on 6-NH2 purine utilization is also 
parallel in vivo during the amino acid control 
phenomenon,11a by a lesser effect on ATP pool 
labeling but exogenous precursors than on the GTP 
pool labeling. 

Though xanthylic acid formation has been 
observed in 6-OH purine phosphoribosyl- 
transferase preparations,’ ’ ’ and can serve as a 
source of required purine in certain strains, no 
xanthine uptake has been demonstrated by iso- 
lated vesicles despite repeated attempts to observe 
such t r a n ~ p o r t . ~  ’ Gots et al.’ found that their 
deletion strain Pro AB 47 lacks both guanine and 
xanthine uptake and phosphoribosyltransferase 
activity. Since the Pro AB 47 strain is a deletion, 
the possibility exists that the deletion encompasses 
related but distinct functions for xanthine phos- 
phoribosyltransferase and guanine phosphoribosyl- 
transferase which may be closely linked (and may 
even have arisen from gene duplication). This 
explanation would reconcile the conflicting results 
in E. coli4,12 in which guanine uptake, but not 
xanthine uptake, can be observed with vesicles. A 
distinct xanthine uptake and enzyme system may 
exist which could be far more susceptible to loss 
by osmotic shock or during vesicle preparation 
than the guanine system. The complete loss of 
uracil’ 012 and orotate (Hochstadt, unpublished 
results) phosphoribosyltransferase(s) during vesicle 
preparation has been noted. In Pseudomonas 
aeruginosa a separate mechanism for xanthine and 
hypoxanthine uptake has been described; however, 
no determination of guanine uptake was made in 
that study.” 

2. Purine Nucleoside Utilization 
Conclusions concerning purine nucleoside up- 

take into bacteria - The predominant mechanism 
of  purine nucleoside uptake involves two en- 

zymatic steps. The first is the cleavage of the 
nucleoside to a free base and ribose-1-P. This 
reaction is thought to occur either on the mem- 
brane or in the periplasm. The nucleoside 
phophorylase like the phosphoribosyltransferases 
can be easily solubilized and released from the 
membrane but is also found to  be attached to the 
membrane in other instances. This reaction is not 
subject to feedback control. The riboseP gener- 
ated in the reaction may be released directly upon 
cleavage to the inner surface of the membrane. 
The free base is released to the periplasm and is 
then taken up in a second reaction mediated by 
the appropriate phosphoribosyltransferase and 
PRPP as any free purine base would be. This 
second riaction results in intracellular nucleoside 
monophosphate which occurs across the mem- 
brane and is feedback controlled by 5’ nucleotides. 
A secondary mechanism, one in which the nucleo- 
side is taken up intact appears possible when this 
primary pathway is not functioning since a few 
mutants lacking nucleoside phosphorylases seem 
able to use purine nucleosides. The predominant 
class of mutants lacking the purine nucleoside 
phosphorylase to cleave the nucleoside as reaction 
1 are unable to use purine nucleosides at all, 
however. The experimental data upon which these 
conclusions are based are as follows: 

a. Adenosine Utilization 
Hochstadt-Ozer and Stadtman had observed 

that adenosine phosphorylase is present on iso- 
lated membrane vesicles, but does not participate 
in the free utilization of adenine u t i l i~a t ion .~  The 
enzyme had previously been localized in the 
periplasm, since it was found by Munch-Petersen to 
be releasable by shock.’ Several other studies fur- 
ther suggested that the phosphorylase might be nec- 
essary for adenosine utilization; mutants unable to 
use purine nucleosides for meeting auxotrophic 
purine requirements, but still capable of growth on 
the purine-free base were repeatedly characterized 
as purine nucleoside phosphorylase deficient.24 $’ 

Moreover, the earlier classic work of Roberts et 
al.’ had sugggested that nucleoside scission might 
be a requirement for utilization. The Carnegie 
group found disparate specific radioactivity re- 
covered in the adenine and ribose moieties of 
nucleic acid adenylate residues when similar spe- 
cific radioactivity would have been expected had 
the nucleoside been utilized intact. It was there- 
fore concluded by these workers that purine 
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nucleosides are not used as units for nucleic acid 
synthesis, but rather are cleaved to yield a readily 
utilized purine fragment.’ Peterson et al. observed 
that adenosine was first rapidly deaminated to 
inosine and this in turn cleaved to yield hypo- 
xanthine in E. coil. y 2  The hypoxanthine thus 
formed was thought to then be utilized more 
slowly for nucleotide formation. Such utilization 
of adenosine is supporter‘ by the studies of 
Zimmerman and Magasanik’- who found that an 
adenine  requiring mutant of Salmonella 
ryphimurium deaminated adenosine very rapidly 
and grew very slowly in medium containing 
adenosine as a substitute for adenine. Studies 
reporting adenosine uptake into whole cells must 
therefore be viewed in terms of whether or not a 
specific adenosine transport mechanism per se is 
being studied. The characteristics of an inosine or 
hypoxanthine transport mechanism could in fact 
be what is examined, described, and simply termed 
“adenosine transport.” 

There are several major factors which undoubt- 
edly determine whether adenosine will be deamin- 
ated as the first step in its utilization: the degree 
to which a given bacterial strain possesses a 
functional adenosine deaminase, the level of dere- 
pression of that enzyme along with several other 
periplasmic enzymes for the scission and separate 
processing of the base and sugar m o i e t i e ~ , ~  9 2 9  

the relative proportions of bases and/or nucleo- 
sides in the medium competing for the several 
alternate pathways, the intracellular nucleotide 
pool composition which could favor one alterna- 
tive pathway over another, the activity levels 
(considering repression and retroinhibition) of 
nucleotide interconverting enzymes (e.g., GMP 
reductase), and the status of histidine biosynthesis. 
It will be remembered that histidine synthesis 
requires the replacement of carbon 2 of AMP by a 
single carbon fragment and comprises one more 
route from exogenous adenine or adenosine to 
cellular IMP and GMP.3033’ There is however a 
mutant blocked between AICAR (Amino imida- 
zolecarboxamideribotide) and IMP which can 
synthesize histidine so that this pathway seems not 
to be the only possible route of histidine biosyn- 
thesis (B. Magasanik, personal communication). 

Thus, though there is no question that a 
significant fraction of adenosine in the medium is 
converted t o  inosine prior to transport, any 
attempts to study adenosine transport specifically, 
must be conducted in the absence of deaminase, as 

in E. coliz4 or Salmonella mutants,25 or with 
osmotically shocked cells or isolated vesicles which 
have substantially lost the deaminase activity. 

Adenosine uptake has been studied in isolated 
vesicles of E. coli by Hochstadt-Ozer.6 Experi- 
ments in which the uptake products were charact- 
erized used 8-’ 4C adenosine exclusively, because 
the ribose moiety from nucleosides seems to be 
utilized by independent mechanisms in a number 
of instances, as will be discussed in the section on 
pyrimidine nucleoside utilization. When uptake 
activities of 8-’ 4C adenine and 8-I4C adenosine 
by isolated vesicles are compared, they seem 
identical in numerous ways. Both are stimulated 
by PRPP and exhibited the same concentration 
dependence. Extravesicularly, adenosine is rapidly 
converted to adenine (59% found as free adenine, 
less than 0.5% as inosine, and none as hypo- 
xanthine after one minute incubation).6 

The rate of substrate leakage from the vesicles 
at 40°C after uptake at 30°C is identical whether 
adenosine or adenine is offered in the uptake 
assay. Similarly, the temperature dependence of 
accumulation of radioactivity between 0°C and 
50°C is identical for 8 - I 4 C  adenosine or 8-14C 
adenine. Moreover, retroinhibition by AMP, ATP, 
and GTP are also identical. ATP, furthermore, 
does not inhibit the interconversion of adenine 
and adenosine via the purine nucleoside phospho- 
rylase. In the conversion of adenosine to AMP via 
adenine, the adenine PRT’ase reaction was shown 
to be the rate limiting reaction of the two 
enzymatic steps (PRT’ase and nucleoside phospho- 
rylase). Thus, the identical regulation for con- 
version of external adenosine and adenine to 
internal AMP supports the notion that, in the 
absence of deamination, adenine is a requisite 
intermediate in AMP formation from adenosine. 
Finally, repeated attempts to identify adenosine 
kinase which could mediate adenosine conversion 
to AMP without an adenine intermediate forma- 
tion of adenine in cells and membranes from 
enteric bacteria have been completely unsucces- 
sful.6 ,* 5 

Thus, all adenosine not deaminated in vivo is 
proposed to be utilized by a two-step reaction, 
initially involving conversion to adenine by the 
periplasmic purine nucleoside phosphorylase, and 
then group translocation across the membrane by 
the adenine phosphoribosyltransferase. Such a 
model is in conflict with other suggested mecha- 
nisms for adenosine uptake based upon results 
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with whole cells’ >’ ’ but these studies may 
partially represent utilization of inosine or hy- 
poxanthine resulting from deamination. Indeed, in 
these studies the rapid conversion is noted, but the 
periplasmic compartment was not yet appreciated 
and metabolism was presumed to be subsequent to 
uptake. In a more recent where the role 
of the periplasmic enzymes was appreciated, 
transport of deoxyguanosine, deoxycytidine, and 
showdomycin is compared in shocked and un- 
shocked E. coli. Though the paper attempts to 
conclude that two systems for uptake of adenosine 
as adenosine exist, there are serious flaws in the 
completeness of the data and logic to substantiate 
the conclusions. The only uptake experiments 
reported for adenosine utilization in this study 
involved nucleoside competition experiments, 
kinetics, and the effect of metabolic inhibitors on 
uptake in the wild-type strain and in a show- 
domycin resistant mutant.’? After six min expo- 
sure of cells to adenosine, substantial conversion of 
extracellular adenosine was noted: only 15% of the 
label remaining outside (-85% of the total) was 
still adenosine in the sensitive strain and 45% was 
still adenosine in the mutant. Large amounts 
(greater than half in the wild-type) appear as 
inosine in the filtrate as well as in the form of 
another unidentified product (likely hypoxan- 
thine). This result is consistent with all other 
 report^^^-^ and may even underestimate the 
great extent to which such metabolism occurs in 
the periplasm; periplasmic metabolism might in a 
way be considered as metabolism occurring out- 
side the cell yet it  would not be apparent in assays 
of the culture filtrate, the usual test of reactions 
occurring outside the cell or at least outside the 
cell membrane. Though these results appear at the 
beginning of the paper, the authors seem to ignore 
their own findings and postulate not one, but two 
systems for adenosine uptake without character- 
izing true substrate(s) and product(s). With the 
observations that uptake of radioactivity from 
8-’ C adenosine shows bimodal saturability when 
plotted in double reciprocal fashion, and that 
uptake in the resistant mutant is subject to 
inhibitory patterns different from the parent, the 

authors postulate the existence of two adenosine 
transport systems. Although data were presented 
indicating that after a few minutes the substrates 
available for uptake are very different for parent 
and mutant, which could explain the different 
uptake in the two strains, this seems to have been 
overlooked. The results of each experiment in this 
paper can be most simply explained by the action 
of showdomycin as an .inhibitor of deamination 
prior to uptake. Cytidine, which also undergoes 
extensive deamination, was similarly studied, and 
the same conclusion of multiple systems was 
reached. 

Thus, the evidence for adenosine transport 
(intact) into whole cells must await further study 
with deaminase-minus mutants and must include 
osmotic shock experiments. t 

One paradox does arise, however, from the 
otherwise rather clear-cut studies with adenosine 
utilization in vesicles.6 If, as it appears, the 
adenine phosphoribosyltransferase were the rate- 
limiting step in adenosine utilization, then Km for 
the overall reaction from external adenosine to 
internal AMP should be no lower than that of the 
rate-limiting reaction. In fact, the apparent Km 
would be expected to be greater since the accumu- 
lation of free adenine would be expected to 
influence the rate of the second and apparently 
rate-limiting step. The experimental results, how- 
ever, indicate just the opposite; the overall system 
is saturated at lower concentrations of adenosine 
than of free adenine. This observation may 
indicate that purine nucleoside phosphorylase- 
complexed adenine rather than free adenine is the 
preferred substrate for the adenine phosphoribo- 
syltransferase reaction or possibly a complex 
continuum of conformational changes of the 
enzyme is induced when others in the same 
pathway are catalytically active. Either of these 
hypotheses is most easily envisioned when 
enzymes in a pathway are physically associated 
with one another in a functional complex as might 
exist on the membrane. That this may in fact be 
the case is suggested by the many observations of 
functional differences of these nucleoside- 

tB. Jochimsen has just informed us from Copenhagen that a new class of mutants in E. coli K ,  a has been isolated which 
can use purine nucleosides without purine nucleoside phosphorylase. One of these mutants, SH405, also lacks adenosine 
deaminase and thus is postulated to take up adenosine intact. Thus, Jochimsen seems to have uncovered a second 
adenosine utilization mechanism that may only operate when the predominant mechanism seen in previous mutants’ 
and also seen on isolated vesicles,6 is lacking. 
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metabol iz ing  enzymes  in v i v o  and in 
extracts6 >’ 7 2 4  3 3  

6. Inosine and Guanosine Uptake 
Inosine uptake was studied by Peterson, 

Boniface, and Koch’ who assumed that, similar 
to adenosine “uptake” and excretion as inosine, 
inosine was “taken up,” excreted as hypoxanthine, 
and that this hypoxanthine was then “taken up.” 
That this series of events with each representing a 
transport process was suggested to occur, was 
quite logical at the time. Neu and H e ~ p e 1 ~ ~  had 
reported a shock releasable fraction of cellular 
constituents only months before, and the concept 
of the periplasm had not yet been defined. 
Consequently, metabolism of substrates by cell- 
associated (as opposed to exo- or excreted 
enzymes) was assumed to take place subsequent to 
transport. The findings by Peterson and Koch of 
intermediates excreted into the medium and then 
reutilized, rather than remaining cell-associated in 
the periplasm prior to transport, is undoubtedly an 
artifact of the ice-cold washes that were repeatedly 
used in an attempt to instantaneously stop the 
reaction. Cold shock seems quite effective in 
releasing small molecules into the medium3 ’ and 
may also account for the adenosine conversion 
observed in the filtrates in the work of Komatsu 
and Tanaka3’ mentioned earlier, as these workers 
also stressed that several ice-cold washes were 
employed in their procedure. In more recent 
studies with whole cells, warm (37°C) or ambient 
temperature washes have been employed to over- 
c o m e  t h e  p r o b l e m  o f  c o l d - s h o c k  

The data presented by Peterson and Koch,” 
though explained as utilization of inosine via 
conversion to hypoxanthine, also suggest that 
considerable free inosine can accumulate in the 
cells under certain conditions, i.e., in the presence 
of caffeine. The work of Hoffmeyer and 
Neuhard’ supports the idea that inosine might be 
taken up intact in addition to its predominant 

leakage.5>’0,1 1,638 

mechanism of uptake via hypoxanthine. Their S. 
typhirnurium mutant, JH 48, a purine auxotroph 
which also lacks purine nucleoside phosphorylase, 
can grow with inosine as the sole purine ,source, 
suggesting the presence of an inosine kinase. The 
extent to which this pathway can function is 
limited, as a low growth rate was observed, even 
of adenine and histidine.2 ’ This suggests inosine 
or adenine transport inhibition caused by utiliza- 
tion of the putative inosine kinase pathway, rather 
than by a low activity of the enzyme, as being 
responsible for slow growth under the conditions 
employed. 

A comparative study of hypoxanthine and 
i n o s i n e  u p t a k e  w a s  unde r t aken  by  
Hochstadt-Ozer6 using isolated vesicles prepared 
from E. coli K1 2 ,  to firmly establish the metabolic 
conversions implied by the earlier ~ t u d i e s . ~  5-2 * It 
was found that inosine is converted to hypoxan- 
thine by a membrane-localized or periplasm- 
localizedt purine nucleoside phosphorylase. Like 
adenosine phosphorylase, the reaction shows 
sigmoid kinetics with respect to cleavage of the 
ribosidic bond, with liberation of the free base 
disfavored at low nucleoside concentration. But 
unlike the situation with the adenosine phosphory- 
lase, the very rapid conversion to free base is not 
as strongly favored kinetically. Temperature 
dependent uptake and efflux are identical for 
hypoxanthine-8-’ C and inosine-8-’ C. Inhibition 
of uptake and of IMP formation by GMP, GTP, or 
ATP are also identical when either inosine or 
hypoxanthine is the substrate. The lower Km for 
the overall conversion of inosine to IMP, i.e., lower 
than that for the second step: hypoxanthine + 

IMP, suggests that the reactions are catalyzed by 
an enzyme complex incorporating positive co- 
operativity, was suggested previously for adenosine 
to AMP conversion proceeding via the free base 
(cf. Reference 6 for discussion of positive co- 
operativity in this system). 

Deoxyguanosine uptake in E. coli was also 
studied by Komatsu and Tanaka.32 In the wild- 

?When membrane vesicles are  isolated and are found to  possess particular enzyme activities, one of three origins of such 
enzymes is possible. The enzymes can be integral parts of the  membrane itself, they may be  more loosely associated a s  in 
the case of  the so-called “shock-releasable” or “periplasmic” enzymes or they may be simply adsorbed during the 
preparative procedure of isolating the vesicles. The enzymes, however, are assumed to fall into the first two categories if 
they are found to  be shock-releasable from whole cells and when they purify with the membrane and participate in a 
biochemically known pathway of reaction observed to occur in situ in the species. These criteria, however, often d o  nor 
distinguish between enzymes which may exist in solution in the  periplasm (if any  constituents of the periplasm d o  indeed 
exist as aqueous-soluble macromolecules) or those “loosely” fixed to  the membrane but  shock-releasable. On the  other 
hand any enzyme found to participate in accomplishing transport and also purifying with the  vesicles is assumed not to be 
simply adsorbed to the membrane but to be functionally associated both as isolated and in situ. 
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type, approximately half the deoxyguanosine 
uptake activity is inhibited by deoxycytidine; a 
showdomycin-resistant mutant exhibits only half 
the deoxyguanosine uptake activity of the parent, 
with no inhibition by deoxycytidine. These 
authors suggested the existence of two deoxy- 
guanosine uptake systems, one of which is deoxy- 
c y t i di  n e - and  show d om y cin-sensitive and 
presumably lost on mutation to showdomycin 
resistance. Though they tried to relate these two 
transport systems to the systems they had postu- 
lated for adenosine, such comparisons would be 
quite tenuous due to their own report of 
adenosine metabolism prior to uptake. 

B. Pyrimidines 
1 .  Pyrimidine Base Utilization 

Conclusions concerning mechanisms of 
pyrimidine base uptake in bacteria - Pyrimidines 
are taken up as uracil or orotate by a process of: 
group translocation across the membrane involving 
the participation of uracil phosphoribosyltrans- 
ferase and orotate phosphoribosyltransferase, 
respectively, and requiring PRPP, Cytosine must 
be deaminated to uracil prior to uptake. The 
deaminase is found in the periplasm. The work 
from which these conclusions are derived is 
discussed below. 

a. Uracil Uptake 
The utilization of uracil and cytosine appears to 

be mediated by the uracil phosphoribosyltrans- 
ferase.s$36 The enzyme would act directly upon 
uracil and indirectly on cytosine (only after 
deamination to uracil). An involvement of the 
uracil phosphoribosyltransferase in uracil uptake is 
implied by the findings of Hochstadt-Ozer and 
Stadtman’ who demonstrated stimulation of 
uracil uptake by PRPP in starved E. coli K1 and a 
surface localization of the uracil PRT’ase as 
evidenced by its release upon osmotic shock. The 
extent of release of uracil phosphoribosyltrans- 
ferase into the shock fluid is within 10% of the 
extent to which uracil uptake is diminished in 
shocked cells. Working with Salmonella, Beck et 
al.,36 isolated mutants for the uracil phosphoribo- 
syltransferase and demonstrated the necessity of a’ 
functional uracil PRT’ase for uracil utilization. 
The strain lacking uracil PRT’ase was also found to 
be completely 5-fluorouracil resistant. Conversely, 
E. coli strain LW2, selected from its parent EAl 
for 5-fluorouracil resistance, was unable to take up 

uracil (a 30-fold decrease over the parent) and 
lacked 97% of the parent’s uracil PRT’ase activity 
(Bulman and Hochstadt, unpublished). Data 
obtained by Hochstadt and Bulman comparing 
uptake, enzyme activity, and ATP inhibition of 
uptake and uracil PRT’ase activity are shown in 
Table 4. The course of uracil uptake in the two E. 
coli strains is shown in Figure 8. Further indica- 
tion of a periplasmic location of the uracil PRT’ase 
is provided by the finding that the usual techni- 

completely remove the uracil PRT’ase from either 
E. coli or S. typhimurium membrane preparations. 
Transport activity is concomitantly lost (Bulman 
and Hochstadt, unpublished). In other E. coli 
strains (K1 2), transport and enzyme activity are 
not necessarily destroyed as a consequence of 
vesicle preparation.’ Selective release of 
periplasmic enzyme attributed to culture condi- 
tions in a given strain, as would be surmised in this 
case, has already been reported.’ 

The notion that uracil PRT’ase mediates uracil 
transport has been challenged by Crenson3 who 
observed in yeast that starvatioh could result in 
subsequent uptake of small amounts of free uracil 
in a mutant lacking uracil PRT’ase and not 
exhibiting observable uracil uptake under normal 
growth conditions. The possibility that the E. coli 
system might, only appear to be uracil PRT’ase- 
dependent, as proposed by G r e n ~ o n ~ ~  for 
yeast, was investigated by Pierard et a1.4’ 
These workers reported that in several E. coli 
uracil PRT’ase negative strains, uracil uptake is 
reduced to less than 1% of the wild-type and that 
pyrimidine starvation does not alter uracil uptake. 
They conclude that an absence of uracil uptake in 
such strains does not appear to be a consequence 
of a block in utilization. Thus, Grenson’s criticism 
appears invalid at least with respect to E. coli. 

ques for membrane vesicles isolation3 ’ 338 may 

Von Dippe et  a1.4’ also reject the involvement 
of uracil PRT’ase in the mechanism of uptake in E. 
coli B, citing as evidence the failure of Crawford et 
aL4* to detect uracil PRT’ase activity. I t  is most 
unfortunate that Von Dippe et al.41 rely on a 
report from another laboratory submitted 17 years 
before their own regarding the characteristics of 
the bacteria they are using presently, rather than 
assay enzyme activity in their own strains. The 
strain identified as E. coli B by Von Dippe et  al. 
may indeed possess uracil PRT’ase and at least 
their attempts to measure it would seem to be of 
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TABLE 4 

Uracil Phosphoribosyltransferase and Uracil Uptake in LW2* and EAI* 

UMP formed, pmol/min/pl extract derived from 12pg cell dry weight 

Crude sonic extract 
Osmotic shock fluid 

LW2 

0.335 
0.7 1 

EA 1 

19.9 
20.9 

Uracil taken up, pmol/min/lZpg bacterial dry weight using starved E. coli cells. 

Strain 

LW2 EA 1 
Addition unshocked/shocked unshocked/shocked 

None 0.0 0.0 0.15 0.0 
PRPP, 5 mM 0.0 0.0 21.40 0.0 
Ribose-1-P, 5 mM 0.0 0.0 9.40 0.0 
ATP, 10  mM 0.0 0.0 7.20 0.0 
PRPP, 5 mM, ATP, 10 mM 0.0 0.0 13.23 0.0 
Ribose-1-P, 5 mM, ATP, 10 mM 0.0 0.0 6.25 0.0 

*LW2 5-Fluorouracil resistant 
*EAI 5-Fluorouracil sensitive 

T 
0 
X 
- 

z n 
0 

16 

14 

12 

10 

8 

6 

4 

2 

0 

Fu 

Fu 

Sensitive 

Resist ant 

0 3 6 10 

T I M E  IN MINUTES 
FIGURE 8. Uptake of uracil in a 5-fluoruracil sensitive strain and its 
5-fluoruracil resistant mutant. Cells of each strain were grown overnight a t  37°C 
in 100 ml of nutrient broth,after loop inoculation, diluted to 80 to 100 Klett 
units (#66 filter) in fresh medium, and allowed to grow with moderate shaking 
for 2 additional hr at 37°C. The cells were harvested by centrifugation and 
washed four times with Med A ~aIts.~'Suspensions in Med A salts measuring 300 
Klett units (#66 filter) were incubated for 5 min with 10 mM glucose (final) and 
2-' 4C-uracil was added at  the final concentrations indicated. The reactions were 
terminated and uptake ascertained as described in Reference 5. 
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considerable importance in supporting the 
argument advanced. 

As indicated in Table 4, 5-fluorouracil (FU) 
resistance in E. coli conferred by loss of 96 t o  98% 
of uracil PRT’ase activity is accompanied by an 
inability to take up uracil. In the experiment of 
Table 4, uracil PRT’ase is completely recovered in 
shock fluid obtained from EA-1, unlike shocked 
K1 which retains a significant proportion of the 
enzyme and uptake activity is observed in whole 
cells after shock’ and in the vesicle fraction after 
isolation.’ Unshocked, starved FU sensitive cells 
(EA-I) take up little uracil without an energy 
source. With PRPP, ribose-1-P, or even ATP, 
considerable uptake is observed. Because ATP 
stimulates uptake, these starved cells are likely 
capable of utilizing some ATP (undoubtedly after 
its breakdown). Thus, the greatest barrier to ATP 
utilization by fresh cells is possibly its inaccessi- 
bility to the periplasm rather than a lack of 
periplasmic phosphorylases or phosphatases. The 
fact that ATP appears to stimulate rather than 
inhibit uracil uptake when it is the only energy 
source indicates it to be a much less potent 
negative effector of uracil than of adenine uptake 
(cf. Reference 5). In combination with PRPP or 
R-1-P, ATP at 10 mM does inhibit the full 
stimulatory effects of either of the sugar phos- 
phates, suggesting that the activity observed in the 
presence of ATP is the sum of its stimulatory 
effects after metabolic conversion and its inhibi- 
tory effects as a regulatory effector. Rbose-1-P 
probably must also be metabolized in order to 
serve as an energy source (cf. Figures 3, 4, 
Reference 5). Starvation does not increase uracil 
uptake in the mutant LW2, an observation consis- 
tent with the results of Pierard et al., that further 
weakens any relation between Grenson’s observa- 
tions in yeast and the mechanism(s) operating in 
enteric bacteria. Though a more intensive and 
systematic investigation is required before any 
definitive statements can be made, the body of 
genetic, transport, and enzymatic evidence cer- 
tainly favors the concept that uracil is taken up by 
the  membrane-periplasm uracil phosphoribo- 
syltransferase mediating a group translocation in 
much the same manner of adenine group trans- 
location across the bacterial membrane.4 ,’ More 
recently, and more compellingly, Finch and his 
co-workers in Australia have confirmed the group 
translocation role of uracil PRT’ase in uracil 
uptake by E. coli. These workers preloaded cells 

with uracil labeled with one radioactive isotope 
and then observed the specific radioactivity of 
cellular UMP immediately after the cells were 
exposed to uracil with a different radioactive label. 
They found that all endogenous UMP is formed 
only from exogenous uracil and not from intra- 
cellular uracil. In addition, the uracil PRT’ase was 
quite unstable upon purification and thus difficult 
to work with in purified extracts (L. Finch, 
personal communication). The possibility that 
UMP might be formed periplasmically and trans- 
ported as UMP is an unlikely alternative. Addition 
of uridine and ATP in the presence of uridine 
kinase does not result in the uptake of the 
pyrimidine by vesicles when uracil PRT’ase is 
missing (Hochstadt and Radei, unpublished). 

Uracil uptake in isolated membrane vesicles of 
E. coli K l z  can be regulated by ppGpps to the 
extent that uridine nucleotide pool appeared to 
contract when measured by the uptake of labeled 
uridine. Uptake of uracil was completely inhibited 
by physiological concentrations of ppGpp present 
during amino acid control, although uptake of 
other bases was only partially shut down under 
these conditions. 

b. Cytosine Uptake 
Cytosine utilization in E. coli was examined by 

Hochstadt-Ozer and Stadtman,’ the K, for up- 
take being 65 pM. PRPP stimulates uptake but 
does not lead to saturation. I t  has been assumed 
that all the cytosine entering the periplasm is 
converted to uracil since a separate cytosine 
phos  p hor i  bosyl  t ransferase has never been 
detected’ and strains lacking UTP aminase (pyr 
C) cannot utilize cytosine as a precursor for 
CTP.’ 94 ’ Even more convincing is the observa- 
tion of resistance to 5-fluorocytosine only at the 
restrictive temperature in a temperature-sensitive 
5-fluorouracil resistant mutant lacking functional 
uracil PRT’ase above 30°C.36 Further, a cytosine 
deaminaseless pyrimidine auxotroph fails to grow 
on ~ y t o s i n e . ’ ~  It thus seems likely that cytosine is 
utilized only after periplasmic deamination. 

The K, of 65 /.dl4 for overall cytosine uptake’ 
is higher than the 43 pM K, observed for uracil 
uptake in the same strain (Hochstadt, un- 
published). Cytosine can be deaminated rapidly 
enough for meeting the entire nitrogen needs of E. 
coli at full growth rate.36 The apparent K, for 
cytosine uptake is only slightly greater than that 
for the transport of uracil transport, the immed- 
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TABLE 5 

Uptake of Orotic Acid 

Strain 

Addition EA (takes up uracil) LW (does not take up uracil) 

Orotic acid taken up pmol/l,rg cells/min 

None 1.06 
PRPP, 5 mM 1.68 
PRPP, 5 M, ATP 10 mM 0.71 
PRPP, 5 n f l ,  G T P  10 mM 0.61 

iate putative precursor for the uptake system. This 
situation is different than the K,(s) observed for 
the purine phosphorylase-phosphoribosyl trans- 
ferase interaction suggested in purine uptake. 
Thus, “enzyme substrate passing” may only 
operate for nucleoside cleavage or deamination, 
and not base deamination. Regulatory data on the 
other hand, suggests that “enzyme cooperation” 
might, nevertheless, function with regard to 
cytosine utilization. The effects of ppGpp on 
“cytosine” uptake in vesicles from E. coli is an 
example of such regulatory effects in the utiliza- 
tion of cytosine.’ At ppGpp concentrations that 
completely abrogate uracil uptake, cytosine up- 
take is inhibited by only 50%. Presuming a 
partially competitive type of relationship on the 
uracil PRT’ase (as has been seen for 5‘-phosphorib- 
osyl compounds on other PRT’ases t e ~ t e d , ~  j’) the 
PRT’ase affinity for the cytosine deaminase com- 
plexed uracil moiety being higher than for. free 
uracil could explain why ppGpp inhibits cytosine 
uptake to a lesser extent than free uracil uptake. 

Orotate uptake, though not extensively studied, 
may well involve a mediating phosphoribosyltrans- 
ferase, because of the influence of PRPP and 
nucleotide effectors on utilization by whole cells 
(Table 5). Moreover, it is known from studies with 
mutants that the putative orotate enzyme is 
distinct from the uracil PRT’ase. However, orotate 
uptake could not be observed in vesicles due to 
removal of the uptake system during preparation 
(cf. Reference 37); these vesicles also lacked uracil 
uptake capacity. Whether a membrane-localized 
orotate PRT’ase activity in uptake exists and is 
distinct from the cellular enzyme active in de now 
pyr imidine  b iosynthes is  remains to be 
demonstrated. 

The postulation of still another periplasmic 
and/or membrane-associated PRT’ase reemphasizes 

1.56 
2.4 1 
1.05 
0.9 1 

the need for investigation of the mechanism of 
PRPP synthesis or secretion and of accessibility to 
the surface PRT’ase. Thus far, only phosphopen- 
tomutase, which converts ribose- 1-P (available 
from nucleoside cleavage) to ribose-5-P, the 
immediate precursor of PRPP, has been located in 
the peripla~rn.’~ However, evidence to be dis- 
cussed below indicates that the ribose-1 -P resulting 
from nucleoside cleavage in the periplasm is 
translocated in that very process. ATP secretion 
into or production within the periplasm would 
also be required for local PRPP synthesis. I t  seems 
more likely that PRPP is generated inside the cell 
and gains access to the PRT’ase transport systems 
from the inner side of the membrane, as is the case 
for PEP in the group translocation of certain 
sugars across the n1embrane.4~ 

c. Thymine Uptake 
Thymine uptake and utilization in E. coli and 

o t h e r  bac te r ia  has been  s tud ied  by 
Munch-Petersen3 and K a m ~ n e n . ~ ~  It was already 
known that E. coli does not use thymine unless 
required4 ’ and that thymineless strains deprived 
of exogenous thymine release significant amounts 
of deoxyribose into the medium.“* Thymine can 
be utilized by wild-type strains, however, in the 
presence of exogenous deo~yadenosine.~ Other 
deoxyribonucleosides will stimulate thymine up- 
take in wild-type E. coli, but deoxyadenosine 
seems to serve best.” Thymine requiring strains 
take up the base independent of deoxyribosyl 
donors, indicating that their mechanism of 
thymine uptake is likely to differ from that of the 
wild-type cells.’ ’ Reversion to thymine proto- 
trophy also returns the strain to deoxyadenosine 
dependence of thymine ~ p t a k e . ’ ~  Thus, the two 
strains seem to differ not only in the ability to 
synthesize thymidine nucleotides, but also in their 
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deoxyriboside metabolism. Further, thymine re- 
quirers do not respond to exogenous thymidine by 
derepression of thymidine phosphorylase unless 
starved for t h ~ m i n e . ~  Conversely, thymidine 
phosphorylase is induced by thymidine in non- 
r e q ~ i r e r s . ~  ’ 9’ Tw o revertants able to grow 
without thymine and again showing deoxyadeno- 
sine dependence of thymine uptake were still 
unresponsive to thymidine induction of thymidine 
phosphorylase and in this respect still resemble the 
thymine requirers. It was thus postulated by 
several laboratories that most isolated thymine 
requirers are likely to be double  mutant^.^ j4 9’ 

Finally, the uptake of thymine requires a deoxy- 
ribosyl donor other than deoxyribose-1 -P.3 In 
order to ascertain the mechanism(s) which could 
a c c o u n t  fo r  the  above  observa t ions ,  
Munch-Petersen studied two reactions under a 
number of conditions: 

I .  thymine + deoxyribose-1-P + thymidine 
+ Pi (catalyzed by thymidine phosphorylase (E.C. 
2.4.2.4.). 

2. basel -deoxyriboside + base2 + base2- 
deoxyriboside + basel (catalyzed by trans-N-de- 
oxyribosylases (E.C. 2.4.2.6.). 

In reaction 2., deoxyadenosine and thymine were 
used as substrates. Munch-Petersen found that 
activities catalyzing both reactions are released 
upon osmotic shock. Moreover, thymidine phos- 
phorylase activity increases upon release by 
osmotic shock treatment over the amount 
measurable in whole cells by as much as 12-f0Id.~ 
The trans-N-deoxyribosylase activity, however, 
considerably diminishes upon release from the 
periplasm membrane.3 A similar situation was 
later seen by Hochstadt-Ozer and Stadtman for 
adenine exchange into AMP catalyzed by the 
membrane localized adenine pRT’a~e .~  When this 
enzyme is removed from the membrane, the 
exchange reaction is catalyzed only by the mem- 
brane fragments containing the residual adenine 
PRT’ase and not by the solubilized PRT’ase.4 This 
is also reminiscent of the hypoxanthine-guanine 
membrane PRT’ase and its uptake specificity, in 
which case the membrane constrains an enzyme in 
a conformation which can either restrict, broaden, 
or t o t a l ly  a l te r  substrate specificity. In 
Munch-Petersen’s experiments, significant activity 
for either of the two reactions remaining with cells 
after osmotic shock was only observed for the 

thymine-requiring strain. Neither activity was in- 
duced by growth on thymine itself, but required a 
deoxyribonucleoside and indicated the inducer 
includes a deoxyribosyl moiety. 

Though it might seem most difficult to incor- 
porate all of these observations into a model for 
thymine utilization, there is one point that does 
simplify the matter and does not require an 
explanation invoking double mutations. Since no  
mechanism for the direct biosynthesis of deoxy- 
ribose-1-P has ever been described, we must 
assume any deoxyribose or deoxyribose-P found in 
the cell or the medium can be presumed to have 
originated via UMP +. dUMP + UdR -+ deoxy- 
ribose or deoxyribose-1-P + uracil. Thus, in cells 
unable -to methylate dUMP to TMP, dUMP is 
degraded to a deoxyribosyl compound (which 
cannot be reutilized) and to uracil which is 
reutilized via uracil PRT’ase and PRPP. Thymine 
requiring cells would then be expected to have a 
pool of free deoxyribose-1-P. In such cells, thy- 
midine phosphorylase appears fully induced when 
sonic extracts of the cells are assayed:’ though 
the levels observable in intact cells can be only 
10% of the enzyme activity in the sonic extract. 
Thus, either exogenous thymidine leading to en- 
dogenous deoxyribose-1 -P or endogenous accumu- 
lations of dUMP (also leading to endogenous 
deoxyribose-1-P), could each serve to induce high 
levels of thymidine phosphorylase. Deoxyadeno- 
sine independence of thymidine uptake may 
simply reflect that deoxyuridine (almost as good 
as deoxyadenosine in potentiating thymine 
uptake) levels are elevated in cells unable to 
convert dUMP to TMP, and quite high when 
compared to the internal concentration of deoxy- 
nucleoside gaining access from exogenous sources. 
The membrane trans-N-deoxyribosylase can be 
envisioned to carry w t  a “group translocation” of 
an exchange type. Like other group translocations, 
exogenous thymine would enter the cell, and 
ultimately be converted to thymidine. However, 
no high energy phosphate would be driving the 
reaction as when PRPP or PEP drive the transport 
reactions in which they participate! ,44 The re- 
action involving exogenous thymine and en- 
dogenous UdR would proceed autocatalytically 
(“turnstile” fashion). This could explain the high 
intracellular levels of thymidine phosphorylase. 

Since the “intracellular TdR phosphorylase” is 
shock releasable, it may in actuality be membrane 
embedded and so forced into a conformation 
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precluding exposure to the surface. Although the 
trans-N-deoxyribosylase and the phosphorylase ac- 
tivities are not in constant ratio for each strain and 
growth condition, this does not preclude the same 
enzyme being responsible for the two activities. 
The membrane milieu would be expected to vary 
as would restraints placed on the protein leading 
to restrictions in its specificity. It is thus possible 
that pyrimidine phosphorylases in enteric bacteria 
act solely in a trans-N-ribosylating fashion across 
the membrane . 

A recent report proposes the alternative to a 
trans-N-ribosylating function. Jensen et al.’ a pro- 
pose thymine utilization depends on an endo- 
genous pool of deoxyribose-1 -P, involves thy- 
midine phosphorylase, but is independent of other 
deoxynucleosides. It is now apparent that enzymes 
of the periplasm and the membrane involved in 
initial nucleic acid precursor metabolism act differ- 
ently than had originally been presumed. Nucleic 
acid precursors are processed into the nucleotide 
pools via a two compartment system in which 
periplasmic reactions are most significant. The role 
of transribosylations in utilization will be discus- 
sed further in the following section of pyrimidine 
nucleoside utilization. 

2. Pyrimidine Nucleoside Uptake 
Conclusions concerning the uptake of pyrimid- 

ine nucleosides into bacteria - Uridine is cleaved 
to uracil and ribose-I-P in a group translocation 
reaction in which the ribose-I-P is released to the 
inner surface of the membrane while the uracil is 
released to the periplasm. The uracil is then taken 
up mediated by uracil phosphoribosyltransferase, 
an enzyme which is easily released from the 
membrane by osmotic shock procedures. The 
ribose-I-P accumulation in the first step is eiec- 
tron-transport stimulated. Cytidine is taken up by 
the two alternate pathways. One involves deamin- 
ation as well as cleavage of the nucleoside and 
results in uracil and ribose-I-P as the intermediates 
actually transported across the membrane. The 
uracil accumulates at UMP. The second mechanism 
of cytidine uptake involves neither deamination 
nor cleavage, is feedback-inhibited by a number of 
related nucleic acid precursors, and is also elec- 
tron-transport coupled. The experiments upon 
which these conclusions are based are herein 
presented and discussed or both. 

a. Uridine Utilization 
The genetic analysis of a large series of mutants 

of Salmonella typhimurium deficient in one or 
more functions of nucleoside and nucleotide 
metabolism allowed Beck et al? to piece to- 
gether some of the elements of uridine utilization. 
They proposed that exogenous uridine can be 
utilized via one, two, or possibly three alternative 
pathways. One pathway requires the presence of 
uridine phosphorylase and uracil phosphoribosyl- 
transferase. The growth rate on uridine of 
organism lacking the phosphoribosyltransferase is 
only about one fourth that of the parent strain 
possessing the enzyme. Thus, it was concluded 
that approximately 75% of exogenously supplied 
uridine enters the cell via this route. Since both 
uracil  PRT’ase’ ,* and uridine phosphor- 
ylase’ ’ ,29 are released to the shock fluid, and are 
thus presumed to reside in the periplasm or on the 
outer surface of the inner membrane, the most 
likely utilization mechanism is a two-step 
membrane-localized reaction similar t o  that des- 
cribed by Hochstadt-Ozer for adenosine uptake in 
E. cok6  A second pathway is presumed to 
function via uridine kinase and would involve 
direct phosphorylation of uridine. Attempts were 
made by Beck et al.36 to determine whether this 
pathway could support growth at maximum rate if 
the uridine phosphorylase mutation were intro- 
duced into a strain lacking uracil PRT’ase, so that 
the uridine provided could not be shunted off to 
uracil. Full growth rate could not be restored. It 
was found that some uridine was broken down to 
uracil even when uridine phosphorylase was 
missing. Secondly, one of their strains which 
lacked both uridine kinase and uridine phosphor- 
ylase still grew on uridine. Thus, though this 
pathway is an obvious one (since uridine kinase 
has been identified), it may not function at all in 
the utilization of uridine, since there seems not to 
be any real dependence (80% normal growth rate 
observed) on it when alternate routes are blocked. 

Of greater interest, however, is the function 
called “udc” by Beck et Strains that are udc- 
are prevented from utilizing uridine, but can use 
uracil. This mutation was imposed on the uridine 
phosphorylaseless and uridine kinaseless strain and 
does not map in  the uridine phosphorylase region 
of the chromosome. The udc locus may thus 
encode the reaction cleaving uridine to uracil and 
free ribose; further work is necessary to identify 
this function. 
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Several studies have dealt with the route of 
uridine utilization by uptake experiments rather 
than by genetic analysis. The first of these, from 
the laboratory of Peterson:6 assumed all metabo- 
lism to be subsequent to uptake, so that uracil 
formation was taken as the measurement of 
uptake. The recently attained understanding of the 
periplasmic space as a real entity” and the 
identification of uridine phosphorylase as a pen- 
plasmic enzyme have invalidated this approach. 
Peterson et al. further assumed that material 
recovered in the filtrate had been excreted; this 
conception is to be viewed cautiously though it 
persists in more recent studies,’ $4 $’ particular- 
ly since the method used to terminate reaction is 
dilution into ice-cold medium. Such a procedure is 
likely to cause a cold shock release of small 
molecules3 l6  a and should be replaced by washes 
with high salt solutions at ambient temperature5* 
“ ,6 3 a  to eliminate the introduction of artifactual 
results. 

Von Dippe et a1.4 ’ studied uridine uptake in E. 
coli B and in a showdomycin-resistant mutant 
derived from it. With showdomycin-treated cells of 
both strains, equal amounts of uracil and 
ribose-1-P are recovered from the medium, while 
with the untreated sensitive strain, much larger 
amounts of extracellular uracil than sugar phos- 
phate are accumulated. Though it may be the case 
that the uridine analog showdomycin (3-O-D-ribo- 
furan~sylmale imide~~)  blocks uridine utilization, 
the quantitative basis of these experiments must 
be questioned because of the possibility of cold 
shock under the conditions employed for termi- 
nating reaction. 

Cell-free extracts from shocked and unshocked 
cells and shock fluid were used to evaluate the 
effect of showdomycin on soluble uridine phos- 
phorylase. No inhibitory effect was observed. Two 
possibilities thus exist: either showdomycin must 
be metabolized by some membrane component 
disrupted during extract preparation, or its site of 
action on the membrane is disrupted during 
extract preparation. The latter possibility could 
relate to the as yet undefined function controlled 
by the udc locus described by Beck et al.36 

Bearing on the resolution of these results in 
terms of a model of uridine transport is the recent 
work of Hochstadt and Rader’o~2’*55 a n d  to be 

in which uridine transport was studied 
in isolated vesicles of E. coli and S. typhimurium. 
In addition to  study in other strains, uridine 

uptake was assayed in E. coli LW2 which lacks 
uracil PRT’ase and is incapable of uracil uptake. It 
should be remembered from a previous section 
that vesicle preparation of EA1, the uracil PRT’ase 
containing parent of LW2, also- lost the uracil 
PRT’ase and uptake function upon vesicle prepara- 
tion. Surprisingly, however, vesicles of both strains 
are able to  take up counts from labeled 
uridine.” ,’ ’ 9 5  It was soon observed, however, 
that uptake of counts only occurs if uniformly 
labeled ’ 4C-uridine is used and little or no uptake 
is observed when 2-14C-uridine is substrate. The 
v.esicle contents were shown to  contain ribose-I -P; 
the medium surrounding the vesicles, uracil. Most 
surprisingly, however, ribose-1 -P, and ribose are 
neither substrates for uptake nor cause significant 
inhibition at concentrations similar to the uridine 
used while ribose-5-P did inhibit (Rader and 
Hochstadt to be published). Thus, a trans- 
membrane phosphorylase is a likely mechanism for 
uridine transport in which uridine interacts with 
the membrane, releasing ribose-1-P inside the cell 
and uracil to the outside. An alternative hypothe- 
sis is that uridine is taken up intact, cleaved 
intravesicularly, and the vesicles retain ribose- 1 -P 
while leaking uracil back to the medium. The 
uracil is taken up predominantly by uracil PRT’ase 
when present and by  some other process which 
may be unrelated to uracil PRT’ase (cf. Reference 
36). The putative trans-membrane phosphorylase 
function, which is specific for certain nucleosides 
(adenosine is even more inhibitory or competitive 
than uridine itself in the uptake assay for the 
ribose from uridine), is an electron-transport- 
linked transport system,” 1’ ,55 and is stimu- 
lated by L and D-lactate and succinate to varying 
degrees depending upon the medium in which the 
cells were grown. Such electron-transport coupling 
of substrate transport has been well studied for a 
number of sugars and almost all amino acids (cf. 
Reference 56), but this represents the first impli- 
cation of such a mechanism for nucleic acid 
precursor transport. 

b. Cytidine Utilization 
Cytidine and deoxycytidine utilization have 

been studied in a number of laboratories using a 
number of normal and mutant strains of E. coli 

The pathway of cytidine utilization has been 
proposed to involve either direct phosphorylation 
by uridine (and cytidine) kinase (the same 

and S. typhimurium.20,21 1 2 4 , 2 6 , 3 2 , 4  1 , 5 3 , 5 5 , 5 7  
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TABLE 6 
Shock Fluid: Cytidine Metabolism 

(Chromatographic results after exposure of shock fluid t o  
’ C cytidine) 

No additives +ATP +CTP 
cpm cmp cp m 

Cytosine 147 11 18 
Cytidine 157 107 160 
Uracil 1,607 1,381 1,679 
Uridine 227 527 3 24 
CMP 37 181 161 
UMP 375 994 751 

enzyme) or deamination and cleavage to uridine 
and uracil re~pectively.~ It is, however, difficult 
to reconcile a direct phosphorylation mechanism 
since mutants lacking the kinase and the uracil 
PRT’ase, but possessing cytidine deaminase, can 
utilize d e ~ x y c y t i d i n e . ~ ~  There is thus a route 
from cytidine to  uracil nucleotides that, although 
not requiring cytidine deaminase, cytosine deamin- 
ase, uridine kinase, or uridine phosphorylase, does 
require uracil PRT’ase. Utilization of cytosine 
does, however, depend completely on cytosine 
deamina~e .~  Further, the udc function described 
by Beck et al. is necessary for cytidine utilization 
as well as uridine utilization. 

Though a mechanism involving trans-N-ribo- 
sylase has been discussed for thymine and a related 
mechanism seems to be involved in the internal 
ribose-I-P accumulation (resulting from vesicle 
uridine interaction while the uracil is released), an 
additional mechanism merits consideration: a 
nucleoside transphorphorylase in which the trans- 
esterification: base, ribose t base, ribose-P + 

base, ribose t base, ribose-P (e.g., CMP + adeno- 
sine -+ guanosine t AMP) might occur across the 
membrane. Nucleosides would always be in the 
periplasm, and nucleotides always in the cell. This 
is suggested from results of studies with vesi- 
cles:20721 ,” not all cytidine utilization seems to 
occur via uridine pathways after deamination. 
Moreover, cytidine and uridine uptake are unequal 
in magnitude and differentially stimulated by 
electron-transport effectors. The ribose moiety, 
whether from U-’ “C-uridine or U-’ “C-cytidine, is 
taken up even more efficiently than the nucleo- 
sides or bases. Thus, cytidine uptake in isolated 
vesicles is the summation of the uptake of the 
ribosyl moiety from cytidine deaminated to uri- 
dine as well as the cytidine utilized intact. The 
properties of the uptake, though involving two 
mechanisms, have been preliminarily reported by 
Hochstadt” and are detailed as follows. 

5 700 
a Plus 20mM PEP 

600 

500 

0 

0 

mate 

0 -  1 2 3 4 5 6  - 

Minutes 

FIGURE 9. Uptake of cytidine into membrane vesicles 
from S. typhiniurium LT-2. Membrane vesicles were 
prepared and assayed as described in Reference 4. Uptake 
of U-’ 4C-cytidine 345 mCi/mmol (New England Nuclear) 
was measured at final concentration of 30 pM. Effectors 
listed at concentrations indicated were added immediately 
before adding cytidine to initiate the reaction. Buffer 
consisted of 1 mM Mgz+ + 0.1 M (K’) PO,, p,H 7.5. 
Reactions were performed at 31°C. 

Isolated membrane vesicles having substantially 
lost enzyme constituents of the periplasmic space 
were prepared  b y  t h e  lysozyme-EDTA 
method! ,37  The shock fluid, however, contains 
cytosine and cytidine deaminases, uridine phos- 
phorylase, (as seen in Table 6) and uracil phospho- 
ribosyltransferase. These activities are detected after 
incubating shock fluid, cytidine, and any additions 
indicated, at 37°C for 15 min, and chromoto- 
graphing an aliquot of the reaction mixture on 
cellulose thin layers. 

Isolated membrane vesicles best transport cyti- 
dine of all pyrimidine bases and nucleosides. The 
cytidine uptake seems t o  occur by a mechanism 
unrelated to those previously indicated for uptake 
of purine nucleosides and bases, or of uracil or 
cytosine. It does, however, resemble transport of 
amino acids, K’, certain sugars, and that just 
suggested for uridine in that uptake seems to be 
electron-transport system (ETS) linked.’ Figure 
9 shows the uptake of cytidine in the presence and 
absence of certain energy sources. PEP also stim- 
ulates uptake, presumably after its conversion to 
L-lactate which is also an effective energy source. 

The vesicles contain less than 2% of the cellular 
RNA, 3% of the cellular DNA, 0.1% of several 
cytoplasmic enzyme markers (cf. Reference 44) 
and about 10% of the total diaminopimelic acid, 
but are made with limiting EDTA and limiting 
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TABLE I 

Cytidine Uptake in Isolated Membrane Vesicles 

Addition 
Activity, p mol/mg/min 

Concentration vesicle protein 

140) 

None - 

KPO, , MgSO, 65mM,SmM 
NaSuccinate, KPO, , MgSO, 

MgSO4 5mM 

20 mM, 65 mM, 5 mM 

100 200 300 400 

Potassium phosphate - m M  

FIGURE 10. Effect of potassium phosphate concentra- 
tions on cytidine uptake. Experiment was performed as in 
Figure 9 with the exception that K’ succinate, 20 mM 
(final), was added and potassium phosphate concentration 
was varied as indicated. The reaction was carried out for 
three min and the results are plotted in terms of uptake 
per minute. 

1401  
c 

MgSO,, mM 

6.0 
58.0 

106.0 
178.2 

homogenization in order t o  retain ETS 
components. Table 7 shows the essential 
requirements for the uptake system while Figures 
10 and 11 indicate the dependencies on (PO,) and 
Mg2+, respectively. The Mg” requirement is 
further emphasized by a marked sensitivity of 
transport to 8-hydroxyquinoline concentration 
(Figure 12). Increases in succinate concentration 
do not lead to uptake at constant rate; succinate is 
nonsaturable with respect to concentration. The 
cytidine transport system is relatively independent 
of external pH changes (Figure 13). The tempera- 
ture optimum for 45 sec incubation is higher than 
for 2 min incubation (Figure 14), and rapid leak- 
age is similar to other unphosphorylated substrates, 
such as amino acids (cf. Reference 44). Cytidine 
uptake is inhibited by the sulfhydryl alkylating 
agent (N-ethylmaleimide) (Figure 1 S), presumably 
by modification of the carrier, and energy uncou- 
pling with CCCP and 2,4-dinitrophenol (Figures 16 
and 17) were also observed. Potassium arsenate is 
not inhibitory while sodium azide, potassium 
cyanide, and sodium bisulfite depress uptake 
(Figure 18). These findings support the notion 
that oxidative-phosphorylation is not required for 
transport. The measured K, for uptake is 16 N. 

The concentration of material taken up reached 
80 to 100-fold relative to the extravesicular 
concentration, as determined by measurement of 
inulin and urea space. Several electron donors 
could serve as energy source and when added, in 
combination the electron donors are more stimu- 
latory than individual donors, indicating that 
several different dehydrogenases might be coupled 
to energize the carrier system (Tables 8 and 9). 
When allosteric or regulatory inhibitors (e.g. 5’ 
nucleotides) are examined for their effect on cyti- 
dine uptake, uridine, CMP, and UMP are found to 
be inhibitory (Figure 19), but CTP, cytosine, and 
uracil do not inhibit uptake. The absence of 
inhibition by CTP is in contrast to the purine 

FIGURE 11. Effect of magnesium concentration on 
cytidine uptake. The experiment was performed as in 
Figure 10 with MgSO, varied while the potassium phos- 
phate was held constant at 0.1 mM. 
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1 . 0 1  

.8 L 

&OH Quinoline, mM 

FIGURE 12. The effect of 8-hydroxyquinoline on 
cytidine uptake. The experiment was performed as in 
previous experiments. The membrane vesicles, 322 
pg/determination, were preincubated with 8-hydroxy- 
quinoline for 5 min prior to addition of succinate or 
cytidine. The results are plotted as the fraction of uptake 
activity observed after the three-minute incubation in the 
presence of 8-hydroxyquinoline. The rate observed in this 
experiment for the uninhibited control was 170 pmol/ 
min/mg membrane vesicles. 

P 

C a! * 
m 

4- 

:I .- 
E 

0 0  

1 r 

5.0 6 .O 7.0 0.0 
PH 

FIGURE 13. Effect of pH on cytidine uptake by 
isolated vesicles. The experiment was performed as 
for the previous figures with the following 
exception. Aliquots of membrane vesicles were 
collected from the 0.1 M potassium phosphate 
buffer pH 7.5 in which they were stored, washed 
once in 0.1 M potassium phosphate buffer at  the 
pH indicated, and resuspended at their original 
volume in the new buffers. The membrane samples 
were then used as before. The reaction mixture 
(100 p1 final) contained 100 pg membrane protein, 
three nmol U-''C-cytidine, 10 pmol potassium 
phosphate, 0.1 pmol MgSO, and 2 pmol of  K+ 
succinat e. 

45 sec.  incubation - 0 
2 m i n .  incubation - 0 200 - 

C .- 

a c  

0 10 20 30 40 50 6 0  

O C  

FIGURE 14. Temperature dependence of uptake 
and retention of radioactive material after ex- 
posure to U-' 'C-cytidine for two time intervals. 
Membrane vesicles were incubated for 45 sec or 2 
min with ' ' C-cytidine after exposure to succinate, 
PO,, MgSO, as in previous experiments at the 
temperatures indicated. 

.8 

. 4 1 1  . 2  

100 200 30 0 0 

N-Ethylmaleimide, uM 

FIGURE 15. Effect of N-ethylmaleimide on cytidine 
uptake in S. ryphimuriurn vesicles. The experiment was 
performed as in Figure 12. 
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TABLE 8 

Effectors of Cytidine Uptake 

Uptake, p mol/min/mg 
vesicle protein 

101 
96 
93 
99 
98 

100 
108 
97 
90 
88 
90 

162 
144 
127 
150 
180 

3 3  
50 
68 
76 
69 

Addition, final concentration 

MgSO, and KPO, only 
MgSO, and KPO, plus: Ascorbate 

Citrate 
CTP 
Glucose 
Glycerol 
Malate 
a methylglucoside 
NADH 
NADPH 
PRPP 

FMN 
D-lactate 
L-lac tat e 
PEP 
Succinate 

ATP 
GTP 
FAD 
Fumarate 
Ribose-1-P 

8mM 
8mM 
4mM 
20 mM 
20 mhf 
8mM 
20 mM 
2mM 
4mM 
5 m M  

8mM 
10 mM 
10 mM 
80 mM 
20 mM 

2mM 
8mM 
8mM 
8mM 
5 m M  

TABLE 9 

Cytidine Uptake in Isolated Membrane Vesicles 

Addition Concentration 

NaSuccinate, KPO,, MgSO, 
FMN, KPO, , MgSO, 
PEP, KPO, , MgSO, 
PEP, FMN, KPO,, MgSO, 
PEP, succinate, KPO, , MgSO, 
FMN, succinate, KPO,, MgSO, 
FMN, succinate, PEP, KPO, , MgSO, 

None 
MgSO, 

20 mM,65 mM, 5 mM 
20 d , 6 5  mM, 5 mM 
20 mM,65 mM, 5 mM 
20 mM, 20 mM, 65 mM, 5 mM 
20 mM, 20 mM, 65 mM, 5 mM 
20 mM, 20 mM, 65 mM, 5 mM 
20 mM, 20 mM, 20 mM,65 mM,5 mM 
5 m M  

- 

uptake situation in which the conjugate nucleoside 
triphosphate is always a potent inhibitor. A 
summary of our observations with this system can 
be found in Table 10. 

In conclusion, cytidine uptake can be mediated 
by systems resembling at least in part classical 
active transport requiring electron transport 
system energy coupling. The failure to find a 
unique electron donor, rather than being novel, 
suggests a review of data from other laboratories. 
Bhattacharyya et al.” found that several electron 
donors stimulate valinomycin mediated K’ uptake. 

Activity, p mol/min/mg 
vesicle protein 

178.2 ’ 

120.8 
110.4 
160.2 
162.0 
152.0 
192.0 

58.0 
6 .O 

Recently, Thompson and MacLeod6O showed that 
a marine pseudomonad also has rather nonspecific 
requirements for dehydrogenase-linked energy 
sources to stimulate amino acid transport. 
Kaback’s conclusions that a single donor is pri- 
mary are to be questioned, since a mutant lacking 
the D-lactate dehydrogenase is capable of amino 
acid uptake in whole cells through coupling via the 
membrane succinic dehydrogenase.6 Moreover, 
we have tested proline, serine, glutamate, and 
threonine uptake and obtained similar results: 
membranes carefully prepared to remove wall and 
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TABLE 10 

Cytidine Uptake in S. typhimurium LT-2 DAP-3 is: 

1.  Concentrates > 60-fold. 
2. Requires Mg, KPO, : optima 1-5 mM, 75 to 140 mM, respectively. 
3. Stimulated by succinate, FMN, D-lactate, PEP, L-lactate, CDP. 
4. Inhibited by PRPP, RIP, ATP, 2,4 DNP, CCCP, NaF, N-EM, 8-OH quinoline, NaHSO,, 

KCN, CMP, Uridine, UMP. 
5. Unaffected by ascorbate, citrate, fumarate,* glucose, a-Methyl-glucoside, FAD,* glycerol, 

malate, NADH, NADPH, CTP, K-Arsenate cytosine, uracil, GTP. 
6. Has flat pH optimum in KPO, between pH 6 to 8. 
7. Has temperature optimum of 30” at 2 min, of 35” at 45 sec high temperatures okay 45 sec 

little retention 2 min. 
8. I, .5 for following compounds are DNP: 100 pM;CCCP: 40 pM; NaF: 10 mM; N-em: 4 pM; 

8-OH quinoline: 300 df; NaHSO, ; 2.5 mM; NaN, : 14 mM; KCN: 4 mM; CMP: 100 pM; 
uridine: 100 jN; UMP: 1 mM; ATP: 10 mM. 

*Somewhat inhibitory to base level. 

cytoplasmic components but not overly homoge- 
nized or extensively treated with EDTA show 
many coupling sites for transport. Vigorous homo- 
genization does seem to remove or inactivate all 
but one dehydrogenase coupling enzyme, which 
varies according to strain, growth medium, and 
even culture density at harvest. The conclusion on 
the part of Hong and &back6’ that the tightest 
bound activity is also the only important one 
conflicts with the results of Simoni and 
Shallenberger6’ and of Rosen (B. Rosen, personal 
communication) who have both obtained mutants 
that are able to transport amino acids if lacking 
D-LDH, but unable to do so when the membrane 
ATP’ase is lacking. Rosen has now been able to 
partially restore transport activity in the presence 
of DCCD, a known effector of the membrane 
ATP‘ase. Multiple electron donors acting in situ all 
linked in some way to an ATP’ase could explain 
these findings. 

c. Deoxycytidine Utilizarion 
In E. coli, counterselection using deoxycytidine 

in the presence of penicillin results in the isolation 
of cytidine deaminase negative m ~ t a n t s . ’ ~  Thus, 
deoxycytidine is not a substrate for uridine/cyti- 
dine kinase and deoxycytidine must be deamina- 
ted. This is also true for S. typhirnurium, since 
Beck et a1.j‘ found deamination to be the first 
essential step to utilization. Several studies purport 
to follow deoxycytidine uptake per de- 
spite prior work showing that deamination is 
e~sential,’~ s 3 6  and even older studies localize 
cytidine deaminase in the peripla~rn.’~ These 

reports must instead represent uptake of UdR, 
uridine or uracil, or a combination thereof. Conse- 
quently, a postulation of multiple systems each 
with particular charactcristics cannot be consid- 
ered unequivocal and is more likely attributed to 
one or more of the uptake systems for the other 
intermediates. Komatsu and Tanaka3 ’ 3’ have 
described what they refer to as two deoxycytidine 
uptake systems; their evidence being the observa- 
tion that a showdomycin resistant E. coli mutant 
still transports deoxycytidine, but at reduced rate 
and with no loss in efficiency in the presence of 
showdomycin. This is termed the showdomycin-re- 
sistant system. In the (sensitive) wild-type, cyti- 
dine uptake can be completely inhibited by 
showdomycin, and this is taken to indicate a 
second, showdomycin-sensitive, system. A more 
logical explanation of the findings, it would seem, 
is the postulation of a single system which loses all 
ability to interact with showdomycin and deoxy- 
cytidine. upon mutation to resistance. As described 
by Komatsu and Tanaka, the systems are driven by 
electron donors and may be related to or partially 
interdigitated with the electron-transport coupled 
system for the ribose moiety of uridine and 
cytidine described by Hochstadt and Rader.’ I 

” 2’ There are many indications that though 
uridine and cytidine nucleoside transport may 
share common pathway(s), such pathway(s) differ 
from pathways for purine nucleosides. 

d. Thymidine Utilization 
Thymidine seems not to be taken up well into 

vesicles or intact cells of strains capable of de nouo 
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thymidine nucleotide ~yn thes i s .~  9’ The utilization 
of both thymidine and deoxyuridine seems to 
depend on functional thymidine l u n a ~ e . ~  ti More 
extensive work on uptake of this important 
compound seems to be lacking, but merits consid- 
erable attention in the future. 

C. Conclusions Concerning Bacterial Systems 
Mechanisms for free base uptake have gained 

considerable understanding in recent years, while 
uptake mechanisms for nucleosides, particularly 
pyrimidine nucleosides, remained ill-defined. Two 
very important and broad concepts are, however, 
apparent. (1) The importance of the periplasm 
cannot be overemphasized in the nature and 
variety of reactions comprising the initial process- 
ing of nucleic acid precursors in enteric bacteria. 
( 2 )  The relationship of the periplasmic or mem- 
brane enzymes to each other and to the precursor 
processing which occurs in the periplasm allows 
cooperation and exchange across the membrane in 
a variety of reactions. These reactions cannot 
proceed in the same way when the enzymes are 
liberated into solution and no longer aligned with 
one another. Such reactions involving membrane- 
localized enzymes are already implicated in ino- 
sine, adenosine, and thymine uptake, as well as in 
the possible membrane transphosphorylation that 
occurs in the formation of internal ribose-1-P from 
nucleosides. This leads to an appreciation of 
membranes not only as barriers, but equally as 
“assembly lines” for efficiency in certain biosyn- 
thetic pathways. 

Furthermore, the use of icecold or hypotonic 
washes to define what metabolism has gone on in 
the cells and what products have been extruded to 
the medium must be viewed with extreme caution. 
The compartment of the periplasm and even 
release of cellular pools of small molecules occur 
under these conditions (cf. Reference 62a). 
Finally, knowledge is accruing that implicates 
periplasmic or exogenous precursors as more di- 
rectly accessible than the cytoplasmic pool for 
certain macromolecular biosynthesis (cf. Refer- 
ences 45, 63). In conclusion, the membrane and 
the periplasm are most important in coordinating 
many cellular activities, and many studies are 
contributing to the field, however, earlier pre- 
sumptions excluding consideration of periplasm 
and shock-release phenomena must not be allowed 
to continue to obscure new emerging concepts. 

111. UTILIZATION OF NUCLEIC ACID 
PRECURSORS IN ANIMAL CELLS 

A. Purines 
1. Purine Base Utilization 

Conclusions concerning the uptake of purine 
bases in animal cells - There seems to be a great 
diversity of mechanisms of purine uptake in 
animal cells. The involvement o f  phosphoribosyl- 
transferases seems more apparent in tissue culture 
lines than in other cells studied but has only been 
clearly demonstrated for one substrate in one cell 
line (hypoxanthine uptake in Balbfc 3T3) using a 
subcellular isolated vesicle system. The details of 
work with several opes of animal cells and 
established cell lines and the variety o f  uptake 
phenomena observed for purine utilization is 
presented in the section below. 

a. Adenine Uptake 
Rabbit polymorphonuclear (PMN) leukocytes 

have been employed extensively by Berlin and his 
co-workers to study uptake of adenine and other 
nucleic acid  precursor^.^^-^^ The rabbit PMN 
adenine uptake systems differ from two previously 
studied experimental systems for adenine uptake 
in animal cells. Erythrocyte adenine uptake is 
presumed to be a facilitated diffusion system 
(saturable but nonconcentrative and not energy- 
driven),70 while adenine uptake into Ehrlich 
ascites cells is presumed to be unmediated passive 
diffusion (directly proportional to all external 
concentrations, i.e., n~nsa turable) .~  PMN cell 
adenine uptake, as studied by Hawkins and 
Berlin,6 has the following characteristics. Ade- 
nine is concentrated within the cells over 90-fold 
relative to the concentration in the external 
medium; radioactivity recovered from the acid- 
soluble material closely approximates total radio- 
activity taken up, indicating that little, if any 
nucleic acid synthesis, occurs during the experi- 
ment; nucleotides, particularly ATP, account for 
at least 97% of the radioactivity recovered; ade- 
nine accounts for less than 1%. The ratio between 
adenine, adenosine, AMP, ADP, and ATP does not 
change with time. Counterflow of free adenine 
does not occur, further indicating the absence of a 
free adenine pool. (Counterflow is the recapture to 
the medium of labeled adenine that has been 
previously concentrated internally by the uptake 
system, upon incubation with a high exogenous 
concentration of unlabeled adenine.) Adenine 
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label leakage could, however, occur subsequent to 
cell preloading at high adenine concentrations 
(conditions under which the transport system 
would not be operating to concentrate the ade- 
nine). Thii indicates that efflux impermeability is 
not the explanation of the previous result, but that 
adenine label in forms different from free adenine 
exists under the first of the two conditions. By 
this method, it was determined that entry even at 
the high adenine concentrations is not unmedi- 
ated, but is controlled by a second transport 
carrier system with low affinity but high velocity. 
This latter system is of unknown significance, 
however, since its contribution would be negligible 
at physiological adenine concentrations, it has a 
& = l o 0  mM and a V,,, equal to 13,700 
pmo1/45 sec/106 cells and does result in free 
adenine accumulation. The transport system oper- 
ating at physiological adenine concentrations has a 
K, equal to 7.0 and a V,,, equal to 5.7 
pmo1/45 sec/106 cells and does not result in free 
adenine accumulation. The low K, system is 
inhibitable by a variety of free purine bases but 
not by adenosine, uric acid, cytosine, or AMP. The 
failure of adenosine to compete or inhibit suggests 
the relationship of adenosine to adenine uptake 
differs from the relationship in bacteria.6 The 
failure of AMP to inhibit might at first glance 
suggest that the mechanism does not involve 
adenine phosphoribosyltransferase or at least not 
in quite the same way as it is involved in bacteria 
(with adenine PRT’ase on the outside of the 
membrane). Findings to be discussed, however, 
might suggest that in animal cells the AMP was 
very rapidly degraded to adenosine by surface 5’ 
nucleotidases, and that by the time the experiment 
was actually begun, only adenosine, a noncompeti- 
tor, and not AMP, a product of a possibly involved 
PRT’ase, was present to ~ompete .~’  

Berlin6’ suggests that AMP synthesis from 
adenine proceeds subsequent to rather than 
concomitant with transport, because transport is 
the rate-limiting step and certain inhibitors of the 
adenine phosphoribosyltransferase in extracts are 
n o t  i n h i b i t o r s  o f  t h e  t r a n s p o r t -  
phosphoribosylation process in whole cells.6 s 
Similarly in the bacteria PEP phosphotransferase 
reaction, more highly specified conditions are 
required to effect vectorial phosphorylation (with 
the transport step rate-limiting) than to effect 
nonvectorial phosphorylation (catalysis without 
transport, which proceeds at faster rate). The two 

processes are performed in a single step only when 
the components of the transport system are in 
proper relation to one another in the 
membrane.73 A similar situation has been noted 
for adenine transport in bacteria! 

Thus, a two-step reaction would be obviated if 
a dual role of membrane-bound enzyme carrying 
out both transport and catalysis were to be 
demonstrated. Berlin’s finding that certain 
inhibitors of the enzyme do not inhibit transport 
could be explained by a protective effect of the 
membrane milieu that is eliminated on 
solubilization. This has beer  observed for adenine 
and other purine transport systems in isolated 
vesicles! 

These criticisms of the precise role of the 
membrane in the mechanism notwithstanding, 
Tsan and Berlin have made a most important 
contribution in the areas of membrane mosaicism 
and fluidity of membrane matrix components in 
their studies on correlations between transport and 
phagocytosis. After as much as 50% of the surface 
membrane has been invaginated in the process of 
phagocytosing polyvinyltoluene beads, no loss in 
adenine transport activity (both adenine systems 
and three other substrate systems were assayed) 
could be detected. It was shown that synthesis of 
new transport carriers for the surface concomitant 
with phagocytosis was not responsible for 
maintenance of identical transport kinetics. 
Parachloromercuribenzoate at 5 pM causes 90% of 
inhibition lysine transport, but only minimally 
effects purine transport and phagocytosis. After 
excess pCMB is removed, lysine uptake is still 
inhibited. If new carriers were responsible for the 
maintenance of adenine transport while the 
membrane is invaginated, then new lysine carriers 
should also be generated and so restore lysine 
transport activity. The observation that lysine 
transport remains at the inhibited level indicates 
that either the portion of the membrane 
participating in transport does not invaginate or, as 
the membrane invaginates, transport systems are 
mobilized and relocate to noninvaginating portions 
where they can still function in uptake. The latter 
hypothesis seems the more likely based upon 
e x  p e rime n t s investigating the “capping” 
phenomenon of plant-lectin interaction with cell 
~ u r f a c e s . ~ ~ - ~ ‘  

Though adenine transport can be readily 
demonstrated in whole cells from a variety of cell 
lines, adenine uptake into vesicles after membrane 
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TABLE 11 

Comparative Uptake of Nucleic Acid Recursors by Five Cell Lines 

Substrate 

Adenine 
Adenosine 
Cytosine 
Guanosine 
Hypoxanthine 
Inosine 
Thymidine 
Uracil 
Uridine 
Xan thine 
Xanthosine 

*Guanine 
**not tested 

Cell line 

HeLa cells: HeLa Mouse 3T3 
growing nongrowing near confluent 
culture culture culture 

Transport in pmol/min/106 cells 

26.05 > 9.05 5.5 
>16.3 9.36 24 .O 

negligible negligible 4.5 
> 9.1 6.03 1.6 
>54.1 23.6 18.0 
> 9.6 > 9.6 2.1 

negligible negligible 4.1 
31.0 > 4.56 6.2 

negligible negligible 1 . 7  

2.8 nt 0.242 

nt** nt 

isolation by the technique developed by Wallach 
and Kamat79 has been much more difficult to 
demonstrate. Baby hamster kidney cells, however, 
if grown on casein hydrolyslate medium and 
especially if the vesicles prepared are stored at 
-70°C for a period of time (weeks or months), do 
repeatedly produce batches whch retain stable 
adenine uptake ability. The details of the 
experiments with such active batches of BHK cells 
that have been obtained in this laboratory are as 
follows. 

Cells are grown to confluence or subconfluence 
(the medium being changed every two to three 
days), scraped from the roller bottles, washed in 
phosphate buffered saline and resuspended twice, 
and fractionated to obtain a membrane vesicle 
preparation free of other cytoplasmic components 
according to the procedure of Wallach and 
Kamat.79 The Wallach and Kamat procedure 
employs nitrogen cavitation and differential 
centrifugation to homogenize and separate surface 
and endoplasmic membrane vesicles from other 
cell components. Finally, the surface and internal 
membrane vesicles are separated from each other 
by gradient or barrier centrifugation techniques, 
and the purity of the fractions is monitored by 
enzymatic markers.’ ’-’ Transport and nucleic 
acid precursor metabolic pathway enzyme assays 
are as previously e m p l ~ y e d ~ - ~  with the exception 

CHO 
v 7 9  

70 
188 

0 
nt 
70 
65 
nt 

0 
68 
nt 

1.6 nt 

BHK, I 

c, 3 

112 
88 
22 
56* 

100 
0 
0 

65 
2 $6 

nt 
nt 

that: (1) smaller pore-size nitrocellulose fdters are 
employed to retain the smaller membrane vesicles 
obtained by the nitrogen cavitation procedure, and 
( 2 )  higher ionic strength (0.8 M NaCl) 
washes are used to terminate reactions as a means 
of control for the mammalian cell membrane’s 
greater tendency to leak the transported substrates 
during the wash. 

The first experiments of the series were aimed 
at determining the feasibility of transport assays in 
suspension, after scraping from glass, and for cells 
maintained at 4°C for several hours (as might be 
done to test various effectors - “resting cells”! 7’ 

We also wished to compare the uptake activity of 
cells in suspension with subcellular vesicle 
activities. The results of these tests are shown in 
Tables 11 and 12. As can be seen in the tables, 
there was great variability in rates; BHK 21 line 
gives the highest rates for a monolayer culture 
tested in suspension. Thus, the BHK/CI line was 
chosen to develop our initial membrane vesicle 
transport system. Microsomal fractions (containing 
plasma membrane vesicles) were prepared’ and 
tested for their ability to take up nucleic acid 
precursors. As can be seen in Table 13, initial rates 
are calculated in uptake normalized to lo6 cells. 
Though the rates are considerably lower than 
observed in intact cells, they are quite significant 
and constitute a greater proportion of the whole 
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TABLE 12 

Comparative Uptake of Nucleic Acid Precursors by L929 
and its 2 Sublines L929SE-t and LA9* 

CelI Line 

Substrate L929 L929SE- A9 

Transport in pmol/min/lO' cells 

Adenine 
Hypoxanthine 
Uracil 
Cytosine 
Adenosine* 
Inosine 
Uridine 
Guanosine 

25 
15 
0 
0 
15 
12 
3 
10 

100 
50 
0 
0 

I60 
40 
105 

not tested 

0 
0 
0 
0 
68 
6 

1.5 
2 

t grown in serum-free medium 
*selected for H PRT'ase- but also found to be A 
PRT'ase - 

(The data in this table were kindly contributed by Dr. J. 
Li of this laboratory.) 

U-' ' C-adenosine used. 1R 

TABLE 13 

Uptake of Nucleic Acid Precursors by BHK/21 Cells and 
Membrane Vesicles (pmol/min/106 Cells or Derivative of 
10' cells) 

PM + ER 
Substrate Intact Cells Vesicles 

Adenine 112 0.24 
Adenosine 88 0.45 
Hypoxan thine 100 1.03 
Uracil 65 1.62 
Uridine 2.4 0.82 

TABLE 14 

Concentration Against A Gradient of Metabolites 
Transported by Isolated BHK Membrane Vesicles 

Substrate Concentration factor observed* 

Glucose 
Adenosine 
Adenine 
Hypoxanthine 
Uridine 
Uracil 

4.0 
58.0 
18.2 
14.5 
25 .o 
6.3 

*Performed at single substrate concentration, thus 
represents minimum concentrating abilities of the systems 
involved. 

cell rate than we observed in bacterial systems (cf. 
References 4,44). Exposure of new transport sites 
on internal membranes could account for this. 

In order to determine whether a facilitated 
diffusion process or a true active transport 
(defined as concentration against a gradient) was 
operative we measured the concentrating power of 
the vesicles. This was done by determining 
extravesicular versus intravesicular space in the 
reaction mixture (inulin vs. urea space) as had 
been done previously in the bacterial systems! 
This internal space was found to be 1.88 pl/mg 
protein for crude microsomes, so that in washed 
microsomal vesicles the internal space would be 
approximately 5 pl/mg protein, similar to the ratio 
for washed bacterial vesicles! The concentration 
factors seen in Table 14 are minimum estimates 
since the  factors were calculated from 
experimental data gathered during linear initial 
rates of transport. Maximum concentrating power 
can be determined at low substrate concentration 
(Table 15) after long intervals at 25"C, as was 
done for adenosine uptake. 

Though the phosphoribosyltransferases are 
important to the regulation of purine transport in 
animal cells (Lesch-Nyhan disease is detected in 
the fetus by failure of amniotic cells to take up 
hypo~anthine,~'  it a t  first appeared that the 
mechanism of adenine uptake differed from that 
observed in bacteria: based on the distribution of 
intravesicular products identified by thin layer 
chromatography: unreacted adenine 54%, 
adenosine 19%, and AMP 27%. This distribution 
instead may reflect high activity of degradative 
enzymes associated with the vesicles (i.e. 5' 
nucleotidase). It is currently believed that the 
PRT'ases are involved in uptake, and that these 
results are due to 5' nucleotidase activity. This was 
deduced from uptake patterns for all purine bases 
and nucleosides in purine PRT'ase deficient lines, 
as will be discussed subsequently. All enzymes of 
initial nucleic acid precursor metabolism were 
determined for the vesicles so as to limit or widen 
possible utilization routes to be considered; the 
results of these determinations are summarized in 
Table 16. 

Adenine uptake in vesicles from BHK cells is 
approximately 12 pmol/min/mg vesicle protein for 
crude microsomal vesicles (Figure 20). The 
con c e n t r a t i on de pen d e nce of oligomycin 
inhibition of adenine uptake is similar to that for 
other nucleic acid precursors (Figure 211, and so 
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TABLE 15 

Adenosine Uptake Into BHK Vesicles 

K, Observed 70 a * 20 (4 Determinations) 
V,,, Calculated 91.5 pmol/min/mg Vesicle Protein 

Initial Rates of Adenosine, Concentrations Employed 

Initial velocity Maximum concentrative 
Concentration pMol/min/mg vesicle protein power of vesicles 

2Luv 5.0 58-Fold 
50 4 f  33 5.6-Fold 

41.8 4.3-Fold 100 4 f  
2mM 235 None 

TABLE 16 

BHK Membrane Vesicles: Enzyme Activities 

Enzymes present on vesicles 
Ad: PRT'ase 
Adenosine deaminase 
Adenosine phosphorylase 
lnosine phosphorylase 
Uridine kinase 

Enzymes absent on vesicles 
Adenosine kinase 
Uracil PRT'ase 
Uridine phosphorylase 
Adenylosuccinic synthetase 
Adenylosuccinase 

Enzymes present in trace amounts 
Hx PRT'ase 
Inosine kinase 

suggests an effect on membrane integrity or 
common energy coupling rather than on the 
adenine transport system itself.? (Oligomycin is 
known to inhibit the ouabain sensitive, Mg2+ 
dependent, Na+ K' stimulated plasma membrane 
ATPase.) This is in contrast t o  the finding of 
differential inhibition by N- ethylmaleimide or 
pchloromercuribenzoate on adenine, uridine and 
uracil uptake (Figures 22 and 23). These results 
indicate that individual transport carriers are 
involved, and that the sulfhydral compounds 
have specific effects on each, while the oligomycin 
interferes with a separate site common to the 
three transport systems. Further investigation 
of effectors of adenine transport in the vesicles 

Ad + PRPP -+ AMP + PPi 
Ads + Inos + NH, 
Ad + Ribose -1- P * Ads + Pi 
Hx + Ribose -1- P * Inos + Pi 
Urid + ATP -+ UMP + ADP 

Adenosine + ATP .+ AMP + ADP 
Uracil + PRPP -+ UMP + PPi 
Uracil + RIP P Uridine + Pi 

IMP -+ AMP 

Hx + PRPP -+ IMP + PPi 
Inos + ATP -+ IMP + qDP 

ind ica t ed  significant inhibition by other 
uncoupling agents, electron-transport inhibitors, 
and chelating agents (cf. Figure 24). Such 
inhibitors are useful in developing, defining, and 
characterizing the systems, but have no bearing on 
in vivo control mechanisms, so that possible 
feedback effects of pathway end products were 
also examined (Figure 25). The low level 
stimulation of adenine uptake by GTP with 
inhibition at higher concentrations has been 
observed by us in a number of other adenine 
uptake systems3 and the mechanisms possibly 
accounting for such an observation have been 
discussed el~ewhere.~, '  ATP inhibits at all levels, 
with no such stimulatory effect. 

?These vesicles prepared by the Wallach technique" are virtually free of mitochondria1 contamination and the oligomycin 
effect appears to be from its action on surface or endoplasmic membranes in this instance. 
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BHK Vesicle Uptake \Adenine A 

6 0 0  
0, 
0 
- 
.- 

2 0  4 0  60 80 100 

MINUTES 

FIGURE 20. Vesicle uptake of adenine by baby 
hamster kidney C13 cells. Reaction mixtures: 250 pl, 
containing 1 mg purified membrane vesicle protein, 
sucrose (.05 M final), potassium phosphate (.05 M, pH 
7.5), MgSO,, (1 mM), and U-'*C-adenine (231 
mCi/mmol: Amersham Searle) at final concentration of 
50 pM were incubated at 35°C for the times indicated and 
the reactions were terminated by dilution to 2 ml with 
0.8 M NaCl at 35°C and rapid Wtration on 0.3 umpore- 
size filters (Millipore). Filters were dried and counted as 
described.' 9 

Adenine 
BHK Vesicle Uptake \ Uridine 6 

OLlCOMYClN , uM 

FIGURE 21. Effect of oligomycin on membrane vesicle 
uptake in isolated membrane vesicles of baby hamster 
kidney cells. Substrates used were 2-' ' C-uridine specific 
activity 50 pCi/pmole (Amersham Searle) 2-' 'C-uracil 
specific activity 52 rCi/pmole (Amersham Searle) and 
8-' ' C-adenine 50 pCi/pmol (Amersham Searle). Each 
substrate was used at 0.1 mM, the initial uptake r a t6  for 
the sample which received no oligomycin were 16 
pmol/min/mg for adenine, 27 pmol/min/mg for uridine, 
and 1 1  pmol/min/mg vesicles for uracil. Incubation time 
was 15 min during which linear rates of uptake were 
observed. The results are represented as fractional inhibi- 
tion in the presence of 0.5, 1, 2.5, 5, 10, and 20 
oligomycin concentrations. Other details are as for Figure 
20. 

A Adenine 
BHK Vesicle Uptake \ . Uridine 

V/Vo .6 

.4 R 
N-ethylrnaleirnide m M  

FIGURE 22. Effect of N-ethylmaleimide on adenine 
and uridine uptake in baby hamster kidney C13 mem- 
brane vesicles. Details of the experimental condition are 
similar to those described in Figures 20 and 21. 

A Uridine 

6 Adenine 
BHK Vepicle Uptake}  Uracil 

2 0  2 5  5 10 15  

p-Chlorornercuribenzoate .rnM 

FIGURE 23.  Effect, of p-chloromercuribenzoate 
(pCMB) on vesicle uptake of nucleic acid precursors in 
membranes purified from BHK cells. See Figures 20 and 
21 for experimental details. 

Adenine uptake by BHK vesicles 
Ef lec l :  KCN 0 I KAs04 0 

KEDTA e 
2 4-DNP 0 
NaN3 A 

1 0  

8 

VlVO 

4 

2 

1 2 3 4 5 6  

INHIBITOR, m M  

FIGURE 24. Effect of metabolic inhibitors on 
adenine uptake in BHK vesicles. See Figures 20 and 
21 for experimental details. 
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GTP 9 
A T P  O A  

10 * 20 30 40 

NTP uM 

F I G U R E  25. Effect of nucleoside tri- 
phosphates on adenine uptake in BHK vesicles. 
Experimental details the  same as in Figures 20 
and 21. Two determinations measuring effects 
of ATP are shown to indicate level of  repro- 
ducibility of assay. 

The results presented thus far establish the 
properties of a vesicle transport system for 
membranes isolated from mammalian cells in 
culture and begins to shed new light on uptake 
mechanisms operative in animal cells. 

It seems that isolated membrane vesicles are 
capable of transport. Thus the original finding of 
Wallach and co-workers86a that membranes 
i so la ted  by  the cavitation technique are 
continuous and osmotically intact are confirmed 
by our measurements of internal space and by 
their ability to concentrate certain substrates. We 
cannot yet define the concentrative uptake 
observed as being due to classical active transport 
or group translocation, for it could result from 
facilitated diffusion coupled to an enzymatic 
conversion in a way that requires energy. Though 
the first enzymes of the metabolic pathway are 
well represented on the isolated membrane 
vesicles, they may function subsequent to uptake 
because unmodified substrate is observed 
intravesicularly after very short reaction times. 
Moreover, it is difficult to differentiate products 
of 5'-nucleotidase action from uptake of free base. 

6. Hypoxanthine Utilization 
The mechanism of hypoxanthine utilization 

would seem to be most easily elucidated, due to 
the great availability of appropriate mutant lines. 
Hypoxanthine-guanine PRT'ase (HG PRT'ase) is 
one of the two best selection systems available for 
mammalian cell lines, the other being thymidine 
k i n a ~ e . ~ ~ ~ ' ~ ~  Mutants lacking the enzyme are 

easily recovered after growth on 8-azaguanine or 
6-thioguanine. Revertants can be isolated in HAT 
( h y  p o x  a n  t h i n  e-amethopter in- thymidine)  
medium"' on which cells lacking a functional 
h y p o x a n t h i n e  u t i l i z ing  sys t em db not 
g r o ~ . ' ' ~ ~ ~ ' ~  Some of the mutants include human 
diploid fibroblast lines from patients with 
Lesch-Nyhan disease, a sex-linked genetic defect 
identified as being caused by missense mutations in 
the structural gene for HG PRT'ase.' Numer- 
ous reviews have dealt with the HG PRT'ases and 
the reader is referred to these papers for details of 
the extensive studies of the enzyme.' 06-' O 8  A few 
summarizing remarks necessary to our discussion 
are appropriate: 

1. HG PRT'ase isozymes exist, in that 
isoelectric focusing can be used to isolate several 
forms in normal cells.' 

Total activity is lacking in mutant cells, 
indicating that a common subunit shared by 
isozymic forms or that polymerization of identical 
monomers is responsible for the isozyme pattern 
observed.' O 4  

3. Cells selected in 8-azaguanine may lack 
HG PRT'ase or may still possess the enzyme. 
Hypoxanthine transport under both circumstances 
is absent.' '' 9' 

2. 

Several stable variant lines have been isolated 
which retain HG PRT'ase activity in extracts, but 
no longer transfer hypoxanthine label into nucleic 
acids. '  O 2  3 '  O 3  This can be explained if 
hypoxanthine transport and the HG PRT'ase are 
distinct, with these mutants are defective only in 
the transport system. A similar line of reasoning was 
used when the same circumstances were first 
encountered with bacterial systems.' ' However, in 
the bacterial system a direct dependence on each 
of two HGPRT'ases has demonstrated one isozyme 
is necessary for hypoxanthine uptake and another 
for guanine uptake as already discussed.' O-' * 

Certain preliminary observations suggest that 
the mechanisms of hypoxanthine uptake in 
mammalian cells and enteric bacteria are quite 
similar. PRPP stimulates hypoxanthine uptake 
tenfold in vesicles prepared from Balb/c 3T3 
cells,"' but no uptake is measurable in vesicles 
from a subline selected to be resistant to 
6-thioguanine (Quinlan and Jha, to be published) 
nor in A9 cells (HG PRT'ase -), whether as the free 
base or from the nucleoside.'' Reversion to HG 
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PRT'ase' in the Ag line88 restores hypoxanthine 
and inosine transport in vesicles with accumulation 
o f  inosine and some IMP. The elevated 
intravesicular concentration of nucleoside may be 
attributable to IMP hydrolysis by plasma 
membrane 5' nucleotidases. 

I t  is difficult to postulate the participation of 
membrane HG PRT'ase in a group translocation if 
hypoxanthine is purportedly still utilized in some 
mutants apparently lacking HG PRT'ase activity. 
The criteria for defining this group of mutants, 
however, are 8-azaguanine resistance, incorpora- 
tion of hypoxanthine into cellular nucleic acids, 
and absence of HG PRT'ase activity in cell extracts 
prepared by freeze-thaw. Because incorporation 
rather than uptake is usually measured, it has been 
postulated that though the enzyme is functional in 
situ (in order for nucleotide formation to occur), 
it is not functional in the cell extracts.'03 Since 
the specificity of the selection system precludes an 
alternative pathway,99-" the conclusion of 
Beaudet et  al.'03 that the enzyme must function 
in situ seems plausible. These workers must have 
selected mutant enzymes which differ from the 
wild-type in resistance to freeze-thaw and in 
ability to  complex 8-azaguanine. An analogous 
situation has been observed for the Salmonella 
enzymes in that selection of 8-azaguanine resistant 
mutants leads to recovery of mutants with HG 
PRT'ase having lower affinity for the analogue and 
different physical properties than the wild-type 
(new chromatographic behavior).28 9 '  ' 

Correlation of guanine and hypoxanthine up 
take, and their respective uptake systems is always 
limited by purely technical considerations. Perhaps 
as a result of its lack of water solubility, guanine 
usually sticks to filters often used for uptake 
assays, and thus makes specific uptake difficult to 
measure, even when filters are prewashed with the 
unlabeled base."-' ' Thus, data are usually ob- 
tained for hypoxanthine and, less so, for guanine 
conversion by HG PRT'ases, but uptake is usually 
almost exclusively assayed for hypoxanthine. This 
situation is once again exemplified in a recent 
study which measures transport of hypoxanthine 
alone into fibroblasts with normal and mutant 
h y  p o x  a n t h i n e - g u a n i n e  phosphor ibosyl -  
transferase.' ' a Tho ugh all study of guanine 
uptake is omitted, results obtained show a very 
clear and precise correlation between hypoxan- 
thine uptake and enzyme presence in normal and 
mutant cells. Normal cells grown on amethopterin 

were increased in hypoxanthine uptake rates. In 
bacteria, growth in amethopterin results in increas- 
ed hypoxanthine phosphoribosyltransferase ac- 
tivity (Tables 2 and 3). Though the present 
understanding of hypoxanthine uptake by mam- 
malian cells is still incomplete as to precise 
mechanism (i.e., does PRT' ase act in the transport 
step or in an immediately following step?), the 
relationship of PRT'ase activity to uptake should 
soon be elucidated through the use of isolated 
mammal ian  membrane  vesicle transport 
systems77i78*' l o  and the full complement of 
mutants and revertants available.88'102~103i10g a, 
and Quinlan and Jha, to  be published 

2. Purine Nucleoside Uptake 
Conclusions concerning the uptake of purine 

nucleosides into animals - Though it is not clear 
whether cleavage of purine nucleosides is obliga- 
tory or even the predominant first step in their 
utilization in animal cells, the use of isolated 
vesicles from a variety of established cell lines (for 
study of transport in this laboratory) has indicated 
that cleavage occurs to a significant extent. At low 
substrate concentrations exposure of vesicles to 
nucleoside usually resulting in a greater accumula- 
tion o f  intravesicular ribose-I-P than of any other 
compound. In whole cells the transport of purine 
nucleosides cannot be dissociated from their ap- 
pearance in the cytoplasmic pool as monophos- 
phates. The experiments leading to these conclu- 
sions are detailed below. 

a. Adenosine Utilization 
There have been a considerable number of 

studies investigating the properties and regulation 
of adenosine uptake in a variety of animal 
cells.6 6 ~ 6  8i7 7 s 7 8 s 8  9-9 Some of these reports do 
not attempt to distinguish uptake of the sugar and 
purine moieties when using uniformly labeled 

though this was done in one 
careful study.66 In some cases the products of 
uptake were ill-defir~ed,~ ' but most workers chose 
to analyze uptake products exten~ively.~ 6 1 7  7 3  

Certain generalizations are apparent 
from these results: There seems to be considerable 
heterogeneity among cell types and lines as to 
whether adenosine is deaminated as the first step 
in its utiiization666s~89~92i94 Growth condi- 
tions and the status of other pathways in the cell 
undoubtedly affect deaminase function. In this 
laboratory, we have found (Li and Hochstadt, to 
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be published) that membranes from A9 cells 
lacking adenine PRT’ase (A PRT’ase), hypoxan- 
thine PRT’ase, and unable to utilize any exo- 
genous purine moiety from either base or nucleo- 
sides, also have much lower adenosine deaminase 
activity. A revertant of this line with restored HG 
PRT’ase also partially regains membrane adenosine 
deaminase activity, while the original parent line 
of both, 929, has sufficient deaminase activity to 
rapidly convert virtually all adenosine to inosine 
prior to uptake. Thus, in 929 it has been most 
difficult . t o  study an adenosine transport system 
per se if it exists.78 Thus, when plasma membrane 
vesicles of 929 are exposed to adenosine, IMP and 
ribose-1-P, and small amounts of inosine accumu- 
late within the vesicles. Large amounts of inosine 
and hypoxanthine appear in the medium and no 
AMP or adenosine is observed in the vesicles. 
Detailed presentation of the kinetics and products 
of nucleoside uptake in 929, 929Se- (subline 
which grows on completely defined media), A9 
(929 derivative lacking all purine PRT’ase activity), 
and AgR (revertant for hypoxanthine PRT’ase) 
will be published elsewhere (Li and Hochstadt, to 
be published). 

Two of the above cited investigations are of 
particular further interest. Taube and Berlin‘ ‘ 
examined adenosine uptake by rabbit polymor- 
phonuclear (PMN) leucocytes. The conclusion that 
the initial step in adenosine utilization by these 
cells is a deamination to inosine followed by 
hydrolysis to hypoxanthine, was obtained from 
the results of a series of double isotope experi- 
ments which traced the separate fate of the purine 
and ribose moieties of the nucleoside. Cells were 
exposed to 3H-adenosine labeled in the base and 
uniformly labeled 1 4 C  adenosine cells in 1O:l 
ratio of dpm (disintegrations per min) (1O:l dpm 
3H:14C). The ratio of 3H:’4C dpm associated 
with the cells was then determined after uptake. If 
adenosine is taken up intact, then the ratio of 10: 1 
would persist. Since no cellular adenosine phos- 
phorylase activity was detectable while inosine 
phosphorylase was abundant, they argued that 
alterations in the ratio of 3H:’4C would result 
from cleavage of inosine to hypoxanthine and 
ribose-1-P. If the ratio of 3H:’4C dpm were to 
increase, more of the adenosine purine moiety 
would be used than the ribose moiety, and some 
cleavage would have had to occur. The 3H:’4C 
ratio observed was 25:1, even somewhat greater 
than would be expected (20:l) if all adenosine 

were first cleaved into free purine bases and sugar 
(or sugar phosphate), and then only the base were 
utilized for nucleotide formation. 

Taube and Berlin further postulate that, at least 
in the rabbit PMN leucocytes, adenine and adeno- 
sine transport systems are separate because aden- 
ine is only a poor inhibitor of adenosine uptake. 
This conclusion is unwarranted, since the results of 
that paper clearly indicate via the elegant double 
isotope experiment that adenosine is being taken 
up exclusively as hypoxanthine. Since they also 
found adenosine phosphorylase lacking, adenine 
cannot enter this pathway via conversion first to 
adenosine. Thus, what Taube and Berlin have 
demonstrated is that adenine and hypoxanthine 
have distinct transport systems. 

Experiments from the author’s laboratory have 
shown that cell lines both lacking adenine and 
hypoxanthine PRT’ase activity are incapable of 
adenine transport, whether as the free base or 
from the n u ~ l e o s i d e . ~ ~  A revertant line (for only 
the hypoxanthine PRT’ase, but not the adenine 
PRT’ase) is restored to the ability to use base from 
either inosine or adenosine which is deaminated to 
inosine (Li and Hochstadt, to be published). Thus, 
the caveat should be reiterated that the relation- 
ship of adenine and adenosine uptake in any cell 
line might be completely determined by levels of 
adenosine phosphorylase and adenosine deamin- 
ase. 

Such ambiguities are likely to occur whenever 
possible “pre-uptake metabolism” of a substrate 
goes unaccounted for which further emphasizes 
the possibility of heterogeneity in uptake mecha- 
nisms for different mammalian cell types, and 
underscores the necessity of employing specifically 
labeled precursors and isolating and identifying 
both uptake products and untransported radioac- 
tivity. The extent and variety of initial pathway 
reactions that occur in whole cells is somewhat 
more restricted when vesicle uptake is studied, but 
even with vesicles the variety of products poten- 
tially recoverable requires careful analysis of both 
vesicle contents and materials in the extravesicular 
medium. 

Taube and Berlin also compared the inhibitory 
properties of cytidine and the unnatural nucleo- 
side isoguanosine on adenosine transport. The two 
are structurally very similar, having identical sugar 
and pyrimidine moieties but differing in that 
isoguanosine is a purine nucleoside with the 
glycosidic bond at N-9. Consequently, the ribose is 

’ 
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displaced - 2.5 A in isoguanine relative to 
cytidine. Despite this configurational difference, 
the two compounds are near equivalent as inhibi- 
tors of adenosine uptake. Taube and Berlin pro- 
pose a flexible transport carrier that would 
accommodate this 2.5 A displacement and so 
recognize the structural similarities in the mole- 
cules. A simpler explanation might be that the 
bases alone are inhibitory once the glycosidic 
linkages are cleaved so that the 2.5 A displacement 
vanishes. These results further emphasize the 
necessity to determine whether effectors are 
recoverable intact or have themselves been 
metabolized to other compound(s) which are in 
fact responsible for the regulation noted. Thus, 
though the study of Berlin and Taube indicates a 
pathway of adenosine utilization, their contention 
that the pathway initially involves uptake of intact 
nucleoside by a carrier common for adenosine and 
thymidine seems yet to be unequivocally demon- 
strated for rabbit PMN cells (in which the 
proposed mechanism might indeed be the correct 
one), as well as for other cell types. 

PlagemanngS showed that it is possible to 
greatly expand the nucleotide pools in Novikoff 
rat hepatoma cells. The adenosine is largely 
recoverable in the nucleotide pool as adenine 
nucleotides. At the high external concentrations 
employed (1 mM), passive diffusion is likely to 
play a significant role,77 so it is likely that 
phosphorylation occurs subsequent to permeation 
through the membrane under these conditions. 
These cells must be capable of phosphorylating 
free intracellular base or nucleoside because of the 
finding of a large pool of nucleotides rather than 
unphosphorylated compounds intracellularly. 
These nucleotides are not used for macromolecular 
biosynthesis, however, despite the size of the pool, 
since subsequent exposure to labeled adenosine 
caused low levels of the exogenous nucleoside to 
be rapidly incorporated into newly formed nucleic 
acids. The large intracellular pools formed during 
exposure to high exogenous adenosine 
concentrations can be depleted when the cells are 
energy starved.94 When the cells are exposed to 
g l u c ~ s a m i n e , ~ ~  the glucosamine is rapidly taken 
up, phosphorylated, and the cellular ATP pool is 
largely converted to ADP and AMP. It is not 
understood why the accumulated cellular ATP 
pool is not used for nucleic acid synthesis, while 
newly transported adenosine is exclusively shunted 
to macromolecular synthesis. The mechanism 

which precludes admixture. of newly taken up 
adenosine with cytoplasmic nucleotides is also 
unknown. A rather simple model t o  explain these 
phenomena is the postulation that the nuclear 
membrane excludes ATP, but some metabolite 
earlier in the pathway from adenosine to ATP 
(e.g., AMP) is the compound which permeates to 
the nucleus. Thus, AMP arising from either new 
adenosine or the eventual breakdown of cyto- 
plasmic ATP and not directly arising from the 
cytoplasmic ATP pool would gain access to 
nuclear processes. 

Plagemann and Erbe studied adenosine trans- 
port in KCN-treated cells.94 When normal cells 
take up either uridine or adenosine, the substrates 
are rapidly recovered as UTP and ATP, and only 
small amounts of UDP, UMP, ADP, or AMP and 
no free bases or nucleosides are usually detected. 
In KCN-treated cells, however, uridine uptake is 
considerably diminished, no  concentration against 
the gradient can be observed, and the nucleoside is 
recoverable from the cell unchanged. Adenosine, 
however, continues to be taken up at high rate, is 
concentrated against the gradient, and is re- 
coverable as AMP (with some ADP). Thus, KCN 
prevents conversion of adenosine taken to ATP, 
though AMP formation continues. Because 
metabolic inhibitors are incapable of inhibiting 
nucleotide formation from bases in the presence of 
sufficient PRPP,’ the observation that in KCN- 
treated cells, adenosine is concentratively taken up 
and recoverable as AMP while uridine is only 
equilibrated and recovered unchanged would 
indicate separate mechanisms. In the case of 
adenosine it is likely that t he  A PRTase is 
involved78 and that the PRPP requirement can be 
met in the absence of metabolic energy due to 
PRPP stores that are membrane localized. (Figure 
24 shows that adenine uptake in baby hamster 
kidney cell vesicles is also not inhibited by KCN, 
as is also observed in enteric bacteria:*’) With 
uridine as substrate the situation seems quite 
different, however; few animal cell lines (BHK is a 
notable exception,”) can cleave uridine to uracil 
and use the base. The uridine is undoubtedly taken 
up intact in most animal cells as will be discussed 
later, and would explain the differential inhibition 
by KCN. 

Adenosine and adenine uptake differ, however, 
in mouse Balb/c 3T3 cells (Quinlan and Hochstadt, 
submitted for publication). While adenosine uptake 
seems uninfluenced by confluence of the culture, a 
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result consistent with that of Cunningham and 
Pardee,g adenine (and uridine) utilization is con- 
siderably diminished when the cell growth is con- 
tact-inhibited. Moreover, in Balb/c 3T3 and Balb/c 
SV40 3T3 vesicles, uptake of free base (e.g., hy- 
poxanthine' O )  is dependent upon added PRPP 
while nucleoside transport i s  not (Quinlan and 
Hochstadt, to be published). This observation is 
reminiscent of bacterial purine nucleoside 
transport in which the ribose moiety appears 
conserved for preferential utilization in intra- 
cellular formation of nucleoside.' 

b. Inosine and Guanosine Utilization 
An active inosine uptake system in Novikoff 

cells appears operative in that labeled inosine can 
be taken up into the cellular nucleotide pool at 
seven times the rate of incorporation of label into 
nucleic acids.g5 There appear to be two routes of 
inosine utilization in such cells. When RNA is 
hydrolyzed to detect the fate of inosine label, 
-82% is found as GMP, but in the acid soluble 
nucleotide pool, most of the label is recovered as 
ATP. The route of processing thus seems to be 
determined by enzyme activities localized at 
different sites within the cell. In the cytoplasm, 
inosine is apparently restricted to enter the 
adenine nucleotide pool whle  inosine that reaches 
pathways associated with the nucleus is shunted to 
GMP. Either inosine itself, if taken up unchanged, 
or IMP must be the compound that is transported 
to the nucleus, though transport systems for 
endoplasmic reticulum caniculi and/or the nuclear 
membrane are yet to be demonstrated. There is 
also considerable difficulty in distinguishing an 
inosine uptake system from the processing of 
deaminated adenosine, and in discerning whether 
inosine is broken down to hypoxanthine prior to 
uptake. 

Plagemann's studies reveal that though there is 
substantial conversion of adenosine to inosine and 
then more slowly to hypoxanthine, adenosine 
itself is utilized by Novikoff cells, since fewer 
cellular guanylate residues of RNA contain label 
from adenosine tracer than from inosine tracer.g5 
Uptake of adenosine is markedly less sensitive to 
inlubition by guanosine than is the inosine uptake. 
Though uptake of adenosine is more sensitive to 
competitive inhibition by phenethyl alcohol than 
inosine uptake, this could be used to distinguish 
the two systems only if it were shown that 
adenosine deaminase is not sensitive to the 

effector. It is entirely possible, however, that 
guanosine and inosine are taken up by a single 
system, and this is supported by inhibition 
patterns observed with several cell 

In my own laboratory we have consistently 
observed a most interesting situation in L 929 cell 
membrane vesicles, Ag cell membrane vesicles (HG 
and A PRT'ase-), and AgR (Ag revertant only for 
the HG PRT'ase) in the uptake of inosine as 
compared to adenosine. As mentioned previously, 
the Ag membrane vesicles take up predominantly 
only the ribose moiety of uniformly labeled 
adenosine or inosine though some free inosine is 
observed intravesicularly. ' The surrounding 
medium contains adenine and hypoxanthine, and 
hypoxanthine, respectively, though the finding 
that adenine results from exogenous adenosine 
differs from the data obtained by Taube and 
Berlin66 with PMN cells. The Ag mouse line 
contains only 3 to  6% of the adenosine deaminase 
activity expressed by a parent 929 "L" cell line. 
Thus, the discrepancy may reflect the absence of 
adenosine phosphorylase for other cells and cell 
lines, or a difference in adenosine deaminase 
activity. The fact that the specific activity of 
adenosine deaminase is high is exemplified by our 
own observation that in an A9 revertant for HG 
PRT'ase (A9 '), which expresses only 16% of the 
wild-type deaminase activity, no free adenine can 
be observed in the surrounding medium. 

Perhaps the most paradoxical of our findings78 
is that with membranes having associated 
deaminase activity, and also retaining A PRT'ase 
and HG PRT'ase (i.e., wild-type 929), adenosine is 
the preferred substrate though inosine (and not 
adenosine) is always found inside the vesicles. This 
may be analogous to the substrate processing 
previously detected for nucleosides6 or may 
simply reflect two independent uptake systems for 
adenosine and inosine with rapid deamination 
subsequent t o  uptake. Vesicles prepared from the 
wild-type certainly contain a level of deaminase 
activity to preclude measurement of intravesicular 
adenosine. This latter hypothesis is unlikely 
because in whole cells deaminated product appears 
rapidly in the medium (Li and Hochstadt, 
unpublished data). Furthermore, PRPP does not 
seem to significantly stimulate uptake of either 
purine base or nucleoside in "L" cell vesicles, and 
in this respect, they differ from the Balb/c 3T3 
vesicles. 
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Though group translocation is less tenable in L 
cells than in Balb/c 3T3, however, the most 
significant evidence to date on the direct 
involvement of phosphoribosylation in purine 
uptrrke in L cells comes from work with mouse 
fibroblast vesicles from L929 and Ag sublines 
performed in this laboratory by Dr. J. Li." The A9 
subline of L cells is an A PRT'ase negative, HG 
PRT'ase negative line. It is unable to take up 
adenine or hypoxanthine. When vesicle transport 
of uniformly labeled adenosine or inosine is 
studied, however, the products recovered in the 
vesicles are ribose-l-P04 and some inosine. 
Nevertheless, the parent L cell line, 929, 
accumulates IMP, ribose-1-P and again small 
amounts of free inosine. Failure to recover 
adenosine or AMP when adenosine in the substrate 
is attributed to the very active adenosine 
deaminase found associated with the outer surface 
of the vesicles. Thus, it would seem that these 
results sugges.t that either the hypoxanthine 
phosphoribosyltransferase is involved in membrane 
transport of precursors, or that the enzyme and 
transport functions are both genetically controlled 
by the locus reverting to regain hypoxanthine 
PRT'ase activity, whereby it would be reasonable 
for transport and enzyme functions to be lost and 
regained together, but that this locus is not 
necessarily the structural gene for HG PRT'ase in 
A9. It seems essential at this time, therefore, to 
analyze additional mutants and revertants t o  test 
this very seemingly remote, but still much more 
probable possibility (than multiple mutations and 
reversions). Luckily, this system offers more 
available mutants and revertants for a variety of 
cell types than any other biochemical marker, 
whatsoever, in mammalian cell lines in culture, and 
in a number of the cell lines the defect is known to 
reside in  t h e  s t ruc tura l  gene for HG 
PRT'ase.' ,' O 4  

Nucleoside transport into human erythrocytes 
is reported to occur by facilitated diffusion and is 
inhibitable by p-nitrobenzylthioguanosine, but 
uptake of the free base is unaffected by such 
compounds. The inhibitors may act on the nucleo- 
side phosphorylases. Though a stabilizing effect of 
purine nucleosides on human erythrocytes has 
been noted,' this may reflect the value of the 
ribose moiety to the red cell rather than represent 
a preference for the intact nucleoside over the free 
base.' 1 2 3 1  1 z a  

B. Pyrimidines 
1. Pyrimidine Base Uptake 

Conclusions concerning utilization of pyrimi- 
dine basis in animal cells - Free pyrimidine bases 
are not well utilized by animal cells. There is 
suspicion when they are taken up a t  all that this is 
evidence of mycoplasma contamination. Exceptions 
to this, however, are certain cell lines derived from 
kidney tissue. Here again either the kidney tissue is 
more subject to contamination in vivo or kidney 
cells normally express enzyme activities not 
generally observed in other tissues. Ihe utilization 
of uracil presumably requires the presence of 
uridine phosphorylase. The present state of 
knowledge in this field is  outlined below. 

It is commonly believed that pyrimidine bases 
are not utilized in animal cells. Some confusion 
has occurred because marked increases in utiliza- 
tion, around the periphery of cells in particular, 
has been noted in cultures contaminated with 
mycoplasma.' ' Uracil and orotate uptake by 
ascites cells has, however, been detected by in 
vitro assay with primary or fresh 
explants,' I s  so that contamination by myco- 
plasma is less likely than in established cell lines. 
In these studies it was found that uracil and 
orotate may be taken up by separate processes. 
Cells respond to increases in glucose by taking up 
more uracil, but without similar elevation of 
orotate uptake. This differential stimulation by 
glucose could, however, occur were orotate trans- 
ported via orotate PRT'ase but uracil by uridine 
phosphorylase and uridine kinase. 

With freshly explanted tumor cells, a most 
interesting observation has been made concerning 
the regulation of orotate uptake.' ' Incorpora- 
tion in whole cells could be stimulated more than 
90-fold by a combination of PRPP and a heat 
labile, and nondialyzable material whose activity 
in extracts parallels orotate PRT'ase activity. 
Except for the possibility that orotidine mono- 
phosphate itself is the preferred substrate for 
transport, these observations suggest that exoge- 
nously added orotate PRT'ase might attach to the  
membrane and in the presence of external orotate 
and PRPP result in the formation of internal OMP. 
If such a mechanism were operative in ascites cells, 
it would be analogous to the mode of adenine 
uptake in enteric b a ~ t e r i a . ~  9' 

Uptake of uracil by  several cell lines has been 
assayed in my laboratory (Tables 11 and 12). "L" 
cells, Chinese hamster ovary (CHO) cells, and 
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HeLa cells do not transport uracil, but uptake was 
noted in a 3T3 culture and, t o  a much greater 
extent, with the BHK C13 line. The data reported 
in Table 11  for a Swiss 3T3 cell suspension have 
not been validated for freedom from mycoplasma 
infection, though all our subsequent work on 
Balb/c 3T3 cells has shown no contamination by 
culture assay. The BHK line is also regularly 
studied in this laboratory and regularly tested for 
mycoplasma infection. 

BHK C13 cells have a high uridine phospho- 
rylase activity.’ ’ In isolated vesicles, uracil uptake 
is only about 2% of the uptake seen in whole cells 
(Table 13), undoubtedly due to coupied processes 
or further utilization. Destruction of uptake sites 
during preparation may also be significant factors 
as great variability in uracil uptake was observed 
among batches with many preparations lacking 
uracil uptake activity. Uracil is concentrated 
against the gradient (Table 14), though to a lesser 
extent than any other nucleic acid precursor and, 
in fact, only slightly more so than glucose which 
has been reported not to be concentrated in 
membrane vesicles from rat fat cells. (However, 
the cold, low ionic strength washes employed in 
the technique used for these reports might lead to 
material “leaking” from the vesicles even if 
concentrated.66) Uracil uptake is inhibited by 
oligomycin to the same extent as uridine and 
adenine uptake, suggesting a possible common 
energy coupling or energy requirement for 
membrane integrity (Figure 21). Inhbition of 
uracil uptake by pCMB is minimal in comparison 
with the effects on adenine or uridine uptake, 
suggesting a separate uptake mechanism (or 
carrier). 

BHK cells would seem anomalous among 
mammalian cell lines in their ability to use uracil. 
A rat kidney line and other kidney lines now also 
seem to possess uridine phosphorylase activity. 
The only kidney line lacking uridine phospho- 
rylase is B-1, selected for its resistance to bromo- 
deoxyuridine.’ The possibility does exist, 
however, that the kidney is more vulnerable to 
mycoplasma infections than other tissues so that 
in situ mycoplasma infections could be responsible 
for uridine phosphorylase in mammalian cells. The 
ubiquity of mycoplasma infections in cell lines, 
occasionally subtle and difficult to detect, may 
pose a serious limitation to transport studies. Such 
problems seem best solved at this time by 
cont inued  a u t oradiographic monitoring to 

. 

ascertain that uracil taken up is incorporated 
predominantly in the nucleus and not at all around 
the cell periphery. In addition, careful electron 
microscopy of cell fractions and sections should 
provide definitive information about uracil 
transport in kidney and other cells, and membrane 
vesicles derived therefrom. 

Thymine uptake as a free base has not been 
described as a mediated process in animal cells. 
Thus, uptake of free thymine might prove particu- 
larly useful as an assay of mycoplasma contami- 
nation. 

2. Pyrimidine Nucleoside Uptake 
Conclus ions  concerning the uptake of 

pyrimidine nucleosides into mammalian cells. - 
Pyrimidine nucleosides can be taken up intact and 
in all probability this is their on@ mode of uptake. 
Under certain experimental conditions (KCN 
treated cells) uridine uptake can be dissociated 
from its phosphotylation indicating that UMP 
formation occurs subsequent to, rather than in the 
process of; transport. Thymidine phosphorylation 
has not yet been dissociated from its mediated 
transport so it is not yet known whether 
thymidine kinase, the enzyme necessaty for 
thymidine utilization, acts during or subsequent to 
transport. Qtidine seems not to be utilized 
unchanged. m e  experimental results upon which 
these conclusions are based are detailed below. 

a Uridine Utilization 
Plagemann has contributed significantly to  the 

understanding of uridine utilization in animal cells, 
p a r t i c u l a r l y  i n  N o v i k o f f  h e p a t o m a  
cells*9’,93’94,1 1 8  Uptake has been dissociated 
from phosphorylation by the use of KCN-treated 
cells,’ which, as previously noted, accumulate 
free uridine while adenosine is concentrated as 
AMP. Plagemann was also able to determine what 
effect precursor incorporation into nucleic acids 
has on the rate of uptake itself by taking 
advantage of the observation that uptake 
continues at -5°C while RNA synthesis ceases 
under such conditions. With external uridine 
concentrations of 0.5 mM, UTP could accumulate 
within the cytoplasm to  levels of 5 mM concen- 
tration when RNA synthesis was terminated. 
Persantin and adenosine were observed to inhibit 
incorporation of uridine into macromolecules, but 
did not inhibit phosphorylation by uridine kinase 
in extracts.’ Since K, for uridine uptake is an 
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order of magnitude lower than K, for uridine 
kinase, uptake was judged a separate function 
from the kinase and the rate-limiting step in 
uridine utilization. 

After accumulation of the cold-expanded UTP 
pool and shift-up in temperature, exogenously 
administered uridine with a different isotopic label 
was observed to be exclusively incorporated into 
newly synthesized RNA. From this, Plagemann 
deduced the existence of two distinct immiscible 
nucleotide pools, one in the cytoplasm and one in 
the nucleus, with only the nuclear pool in equilib- 
rium with the outside of the cell. It was not 
suggested, however, how this might occur. The 
caniculi o f  endoplasmic reticulum, which traverse 
the cytoplasm from nucleus to cell membrane, 
may constitute the structural basis for this pool 
separation, Alternatively, if the nuclear membrane 
permits only selective entrance of pool compon- 
ents, then a separation of nucleotide pools could 
occur without a particular structural requirement. 
If the nuclear membrane was permeable Lo any or 
all of the uridine precursors except UTP, and if the 
cytoplasmic energy relationships were such that 
uidine precursors remaining in the cytoplasm 
were rapidly converted to UTP (as is the case) then 
it can be understood how exogenous uridine 
would preferentially appear in RNA despite the 
presence of a large cytoplasmic UTP pool. Since 
UTP itself does not permeate the nucleus in such a 
scheme, the cytoplasmic UTP pool would only be 
used slowly after being converted to UMP or UDP. 

The mechanism of uridine uptake is likely to 
vary considerably among cell lines and with 
growth conditions. Cunningham and Pardee’ ’ ’ 
have observed a 20-fold difference in uridine 
uptake between contact-inhibited 3T3 cells and 
the same cells treated with fresh serum for 5 min 
under conditions which initiate the reversal of 
contact inhibition and will result in a round of 
subsequent DNA synthesis, In this laboratory we 
have been able to c o n f m  that this difference in 
uridine uptake between growing and nongrowing 
cells is controlled at the level of the membrane 
itself. Purified plasma membrane vesicles prepared 
from subconfluent cultures of Balb/c 3T3 
transport uridine at several-fold higher rates than 
vesicles prepared from confluent cultures. 
Adenosine transport rates by the two vesicle 
preparations are quite similar, again similar to the 
observations of Cunningham and Pardee’ ’ (and 
Quinlan and Hochstadt, submitted for publication). 

Uridine uptake is also observed to be more 
extensive in 3T3 cells transformed with SV40, an 
oncogenic virus,’2o than in the normal contact- 
inhibited counterparts. In my own laboratory, we 
have also observed this difference in the related 
cell lines, Balb/c 3T3 and SV40 Balb/c 3T3 
(Quinlan and Hochstadt, submitted for publica- 
tion). Moreover, SV40 Balb/c 3T3 plasma- 
membrane vesicles accumulate free uridine while 
vesicles of the untransformed line Balb/c 3T3 
accumulate either ribose-1-P or UMP or both (the 
two compounds cochromatograph on our standard 
system for separating base, nucleoside and nucleo- 
tide). The basis for this difference in product is 
now under study. The preliminary work with the 
vesicles of mouse and hamster cell lines and the 
extensive whole cell work showing both variation 
in the 3T3 line’ ’ ’ J 2 o  and in the mechanism in 
Novikoff cells’ ’ 9’’ ,94 ’ further indicate that 
several mechanisms of uridine uptake and intricate 
regulation are operative. 

b. Thymidine Utilization 
Early studies showed that resistance to the 

t hymidine analog, bromodeoxyuridine, also 
renders mammalian cells incapable of utilization of 
exogenous thymidine.’ ’ a Both these conditions 
are invariably accompanied by the loss of the 
thymidine kinase which converts thymidine to 
thymidylate. Thus, growth on bromodeoxyuridine 
(BUdR) offers a selection system for cells that can 
no longer use exogenous thymidine and are 
deficient in thymidine kinase. A counter selection 
system for the presence of the ability to use 
exogenous thymidine, sensitivity to BUdR, and 
presence of thymidine kinase is also available.’ O 0  

This selection system, known as HAT medium 
(hypoxanthine-amethopterin-thymidine), prevents 
biosynthesis of the purine ring and of thymidylate 
from dLJMP. Amethopterin, a folate antagonist, 
blocks the transfer of single carbon units necessary 
for completion of the purine ring and for methyla- 
tion of dUMP to form TMP. This selection 
technique is equally useful for detecting thymidine 
kinase positive cells from a BUdR-resistant 
population, and hypoxanthine-guanine phosphori- 
bosyl t ransferase  pos i t ive  cells from an 
8-azaguanine, 6-thioguanine, o r  6-mercaptopurine- 
resistant population.” The exquisite sensitivity of 
the technique has made it the most useful in 
mammalian somatic cell genetics so far available, 
and has led to the isolation of revertants in the 
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1 0-9 reversion frequency category.* Thus, it was 
well established a decade ago that thymidine 
kinase is an essential element in thymidine incor- 
poration,' O 0  but a direct relationship between 
thymidine kinase and thymidine transport into the 
mammalian cell has only been more recently 
examined. Schuster and Hare' ' compared uptake 
and kinase activity levels in several hamster cell 
lines. Thymidine uptake is correlated with enzyme 
activity in a number of cell lines possessing 
thymidine kinase. When studied as a function of 
temperature and substrate concentration, it was 
found that lines with high thymidine kinase 
activity show proportionately greater inhibition of 
uptake than the cell lines low in thymidine kinase 
at 5°C relative to 25OC. At 5 O C  more free 
thymidine is found inside the cells than TMP. 
Plagemann has similarly shown93 that transport 
can be dissociated from subsequent processes for 
uridine utilization. Schuster and Hare also 
observed that free thymidine accumulates in 
proportion to exogenous substrate concentration, 
suggesting a passive diffusion component in 
addition to the kinase in thymidine utilization. It 
is not clear from this study, however, whether the 
free thymidine accumulating in the cells at high 
exogenous concentration or at low temperatures is 
subsequently used. If thymidine kinase is localized 
on the membrane inner surface, accumulated 
thymidine is likely to have bypassed the enzyme. 
In a thymidine kinase- mutant, Schuster and Hare 
detected an uptake rate higher than certain low 
thymidine kinase lines, though this line could not 
incorporate the nucleoside after it was taken up. It 
seems likely that generally greater membrane 
permeability accounts for this aberrant finding, as 
the kinetics suggest passive diffusion. The authors 
offer several models for the role of thymidine 
kinase uptake and favor a group translocation 
mechanism or group translocation with the 
membrane thymidine kinase in equilibrium with a 
cytoplasmic thymidine kinase. Again, it is most 
important to ascertain whether the thymidine that 
does enter the cell unchanged is able to be 
phosphorylated after accumulation. Thus, if 
thymidine is phosphorylated only on entrance, 
only the group translocation mechanism would be 
of biologic significance despite the ability of 
thymidine to reach the inside of the cell by either 
passive diffusion or other transport carriers (e.g., 
shared specificity with uridine). 

In a different approach, Plagemann' '' and 

Plagemann and Erbe' 2 3  demonstrated that though 
phosphorylation and uptake are apparently inter- 
related, the two processes can be dissociated to 
show that they are likely separate steps. At high 
thymidine concentrations, uptake by Novikoff 
cells is observed to consist of a mediatedecom- 
ponent exhibiting Michealis-Menten kinetics and a 
passive diffusion component. After treatment of 
cells with p-chloromercuribenzoate or moderate 
heat (49.5"C, 5 min), activity of the mediated 
component is markedly reduced, but phosphoryla- 
tion of thymidine entering by passive diffusion 
continues with this thymidylate used for DNA 
synthesis.'23 A possible explanation for this is 
that both the p-CMB and heat treatments liberate 
normally membrane-bound thymidine kinase, and 
thus convert a group translocation into a two-step 
reaction at artificially high substrate concentra- 
tions - a reaction that would normally not occur 
in the cells. Though tlus hypothesis should not be 
discarded, the simpler two-step mechanism of a 
facilitated diffusion carrier system with sub- 
sequent phosphoryla tion seems tentatively more 
acceptable. Since thymidine kinase is in excess in 
the cells,' transport appears to be rate-limiting 
in thymidine utilization. Uptake is competitively 
inhibited by persantin and uridine, but whether 
either of these compounds inhibit without 
subsequent metabolism (e.g., UMP or UTP may be 
the direct effector rather than free uridine) was 
not ascertained. Plagemann and Erbe' 23 did, 
however, characterize the basic kme tics for 
Novikoff cells: K, equals to 0.5 Eul.I and Vmax 
values with average Q1 of 1.8 Vmax for thymi- 
dine kinase in cell-free preparations is 20 times 
that for cellular thymidine uptake, wlule K, for 
the kinase is 400 times that for transport, further 
supporting the concept that two separate steps are 
involved. At external thymidine concentrations 
greater than 2 fl, passive diffusion was ascer- 
tained the major mechanism of thymidine entry 
into Novikoff cells. 

Plagemann and Estensen' 2 4  could further dif- 
ferentiate between uptake and phosphorylation in 
the presence of cytochalasin B, which inhibited 
transport without affecting phosphorylation or 
macromolecular biosynthesis. Cytochalasin B is 
assumed to possibly alter microfilament structure, 
but the relation of this effect to transport inhibi- 
tion is unknown and likely a separate action. Mizel 
and Wilson'" found that both colchicine and 
lumicolchicine inhibit uridine and thymidine trans- 
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port in several cell lines. Though colchicine does 
bind to and disrupt microtubule protein, again 
suggesting a possible relationship between micro- 
tubules and transport, the analog lumicolchicine 
does not, indicating that colchicine inhibition of 
t r anspor t  is unrelated to its effect on 
microtubules. 

Thus in hamster cells’ 2 ’  and in rat hepatoma 
cells,’ ’ 9 ’  2 3  it is observed that thymidine uptake 
is a mediated process at low substrate levels, but 
that passive diffusion is significant at higher 
thymidine concentrations. It appears that phos- 
phorylation is subsequent to uptake in both cases. 
Whether the mediated or the passive process is 
operative in vivo likely depends on blood and 
tissue levels of substrate which would vary with 
physiological conditions. The importance of the 
physiological state of the cell to thymidine trans- 
pqrt has been recently alluded to by Cunningham 
and Rerno.lz6 These authors found that serum 
stimulation of density-inhibited mouse 3T3 cells is 
accompanied by a marked increase in thymidine 
(and deoxycytidine) uptake and in DNA synthesis, 
without concomitant increases in deoxyadenosine, 
deoxyguanosine, or orthophosphate utilization. 
Further, a thymidine kinase-deficient 3T3 subline 
showed the same increase in transport, which still 
occurred under conditions in which DNA synthesis 
was inhibited. 

C. Conclusions Concerning Animal Cell Systems 
Work on transport has proceeded at a most 

rapid and impressive rate, almost entirely within 

the past four years. It is apparent that numerous 
mechanisms may account for transport of pre- 
cursors into different cell types, and moreover for 
uptake of a given precursor at different stages in 
the cell cycle. Finely tuned and complex regula- 
tory mechanisms are evident and may be essential 
to growth regulation in mammalian cells, and 
relevant to the problem of neoplastic transforma- 
tion. As early as 1969, Cunningham and 
Pardee’ recognized major differences in uridine 
transport in growing vs. “dormant” or contact- 
inhibited 3T3 cells, while adenosine transport was 
much less subject to such variation. They further 
observed’ 2 o  even greater differences in uridine 
uptake when contact-inhibited cells were com- 
pared to serum-stimulated cells (“rescued” by 
fresh serum to  undergo one more round of cell 
division). Differences have also been noted be- 
tween normal 3T3 cells and a subline transformed 
by the oncogenic virus, SV40. These observa- 
tions’ ’ 9 ~ 1  ’O and others led Holley’ ’’ to postu- 
late that lesions in the transport carriers may be 
responsible for loss of growth control in the 
cancerous state. To  test this hypothesis as well as 
to better understand the transport processes and 
their modulating control mechanisms, it seems 
essential to continue investigation of transport in 
whole cells and parallel these studies in isolated 
vesicles. The work with intact cells can be ex- 
pected to contribute much information concerning 
the interdigitation of transport and its regulation 
in the entire economy of cellular growth control, 
while the vesicle work will contribute to a better 
understanding of the role of the membrane itself. 

IV. NUCLEIC ACID PRECURSOR TRANSPORT IN EXPERIMENTAL SYSTEMS OTHER 
THAN MAMMALIAN CELLS IN CULTURE AND BACTERIA 

A few studies have been carried out in 
yeast’ ”-’ 3 0  and other fungi’ 3 1  detailing pos- 
sible mechanisms of nucleic acid precursor trans- 
port. The most notable generalization to be drawn 
from those studies is that the mechanisms differ 
from bacterial systems and seem not to involve 
group translocation, at least for uracil uptake in 
yeast’ 2 8  and adenosine uptake in Streptomyces.’ ’ 
The evidence that Streptomyces antibioticus 
utilizes adenosine intact is derived from the fact 
that adenosine is a direct precursor of the nucleo- 
side antibiotic arabinofuranosyladenine produced 
by this species. Using ’ N/’ 4C labeled adenosine 
Farmer and Suhadolnik’ ’ ascertained that the 
isotope ratio in the exogenous adenosine is exactly 
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the same as that in antibiotic synthesized. They 
therefore concluded that adenosine was taken up 
without cleavage. Though this is a likely possibili- 
ty, the evidence does not exclude a membrane 
mechanism that would take up each moiety 
individually and reform the nucleoside. A prefer- 
ential or exclusive utilization of the sugar for 
nucleotide synthesis has already been observed for 
S. typhimurium.2s In yeast, the basis for pos- 
tulating that a group-translocation mechanism for 
uracil uptake does not exist is Grenson’s’ZB 
observation that uptake could be partially restored 
in a uracil phosphoribosyltransferase deficient 
strain if appropriately starved.’ 3 0  Starvation re- 
sults in restoration of only - 3% of the uptake 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



activity, yet even in E. coli 2 to 3% of the parental 
uptake activity has been observed in a uracil 
PRT'ase deficient mutant (Figure 8), so that the 
small residual activity may represent cross- 
specificity with the orotate uptake syste'm. Of 
course, there is no reason to postulate a group 
translocation mechanism in yeast simply because it 
exists in enteric bacteria. Recent studies from 
Grenson's laboratory have also shown that in both 
Saccharomyces and in Candida, a common trans- 
port system exists for cytosine, adenine, and 
hypoxanthine which seems not to involve group 
transloca tions.' 

SUMMARY 

An attempt has been made to present some of 
the major recent work in the field of purine and 
pyrimidine base and nucleoside transport. In 
bacteria, the emphasis has been placed on de- 
veloping an appreciation for the role of the 
periplasm in the processing of these metabolites 
prior to transport via group translocation enzyme- 

permease type systems. In animal cells, emphasis 
has been on the newness of the work and the 
complexity of mechanisms that seem operative. 
Further research to illuminate basic transport 
mechanisms is enthusiastically anticipated, parti- 
cularly since it may directly relate to patterns of 
growth control in mammalian cells. 
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GLOSSARY OF ABBREVIATIONS 

PRPP - 5-phosphoribosyl- 1 -pyrophosphate 
PEP - phosphoenolpyruvate 
PRT'ase - phosphoribosyltransferase 
ppGpp - 5-pyrophosphorylguanosine-3 pyro- 

DNP - 2,4 diriitrophenol 
CCCP - carbonylcyanide m-chlorophenylhydra- 

D-LDH - D-Lactic acid dehydrogenase 
DCCD - dicyclohexylcarbodimide 

phosphate 

zone 

HG PRT'ase - Hypoxanthine-guanine phos- 

A PRT'ase - Adenine phosphoribosyltrans- 

PM - plasma membrane 
ER - endoplasmic reticulum 
RIP  - ribose-l-phosphate 
AICAR - amino imidazolecarboxamideribotide 
N - em 
N - ethylmaleimide 

phoribosyltransferase 

ferase 
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