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Abstract 

Incubation with adenosine or with structural analogs thereof may in several cell types under some conditions result in the 
cellular accumulation of abundant amounts of the corresponding triphosphates. In the present work we have found that 
incubation of cells at high concentrations of orthophosphate (Pi) results in increased intracellular levels thereof, although they 
become not as high as the extracellular concentration. In the presence of purine riboside (nebularine, Pr) and high concentration 
of Pi the intracellular Pi is, however, kept at a low steady-state level, probably because it immediately upon uptake is being 
trapped primarily as the triphosphate of purine riboside. The latter compound accumulates at a constant rate for at least 1 h. 
The rate of accumulation of the sum of phosphate residues present in Pi, adenosine phosphates and purine riboside phosphates 
appears to be proportional to the extracellular concentration of Pi and to be highly dependent on pH (6.5 and 7.0 being optimal 
and 7.9 nonpermissible) but it is unaffected by substitution of Na ÷ by choline. 
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1. Introduction 

It has been known for a while that a number  of both 
synthetic and naturally occurring structural analogs of 
adenosine become phosphorylated and accumulate 
mainly as the corresponding triphosphates in several 
cell types. These processes may be accompanied by a 
partial or a complete depletion of the cellular pool of 
adenine ribonucleotides [1-6]. Under  aerobic condi- 
tions this depletion depends on the activation of AMP 
deaminase and of an IMP specific 5'-nucleotidase re- 
suiting in conversion of AMP to inosine with IMP as 
an intermediate. For adenosine similar phenomena 
may apply. Experiments with mouse fibroblasts and 
Ehrlich ascites tumor cells have shown that in the 
presence of Y-deoxyadenosine a high extracellular con- 
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centration of Pi may lead to accumulation of abundant 
amounts of 3'-deoxy ATP without a concomitant reduc- 
tion of the pool of adenosine phosphates. 

In the present  work we have studied the mechanism 
by which extracellular Pi affects the intracellular Pi- 
concentration and the rate of phosphorylation of the 
adenosine analog purine riboside. 

2. Materials and methods 

Purine riboside and silicone oil (density 1.05 g /ml )  
were obtained from Sigma (USA), and paraffin highly 
liquid was obtained from Merck (Germany). [6- 
3H]Purine riboside was obtained from Moravek Bio- 
chemicals, CA (USA) and [methoxy-14C]inulin and 
[3H]H20 from NEN (Germany).  Ehrlich ascites tumor 
cells, strain ELT, kindly supplied by Dr. G. Klein, 
Karolinska Instituttet,  Stockholm (Sweden), were 
maintained in female mice (NMRI)  by intraperitoneal 
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growth and harvested 6 days after injection of about 
15 - 106 cells. Cells were washed once in 150 mM NaC1, 
suspended in the same solution and kept on ice for less 
than 15 min. After sedimentation the cells were sus- 
pended and preincubated for 5 min at 37°C in a buffer, 
containing 142 mM NaCI, 0.5 mM MgSO4, and 25 mM 
Hepes adjusted with NaOH to the desired pH. The 
experiments were initiated by addition of aliquots of 
the cell suspension to constant volumes of isotonic 
solutions with varying ratios of NaCI and sodium phos- 
phate at the appropriate  pH. These solutions con- 
tained in addition sodium lactate to give a final con- 
centration of 15 mM. In experiments designed to study 
the effect of extracellular Na + the concentration of 
this ion was altered by replacement with choline ions. 

Experiments were performed at 37°C. Cells were 
kept in suspension by gentle shaking at a density of 
approximately 30 .10  ~' cells/ml.  At appropriate  times 
aliquots (300 txl) were transferred to Eppendorf  tubes 
on ice containing 0.3 ml of silicone oil / l iquid paraffine 
mixture (final density 1.034 g / m l )  overlayered with 0.9 
ml of isotonic NaCl, and immediately centrifuged for 2 
min at 15 000 × g. After centrifugation the supernatant  
was sucked off, and the tubes were washed four times 
with 900/xl ice-cold isotonic NaC1 before the oil layer 
was aspirated. The cell pellet was extracted for 10 min 
with 225 tzl of 0.4 M perchloric acid (PCA), and the 
resulting extract was neutralized with KOH, and ana- 
lyzed for or thophosphate  [9] and nucleotides. The nu- 
cleotides were separated and quantitated by HPLC 
using a strong anion exchange column (Partisil-10 Sax, 
2 mm Q x 200 mm, Whatman,  Clifton, N J). The col- 
umn was eluted for 3 rain with 0.005 M KH2PO 4 (pH 
3.5), followed by a linear gradient for 14 rain to 0.4 M 
KH 2 P04,  0.8 M NaCI (pH 3.5); an isocratic period was 
allowed for 20 rain, and the column was reequilibrated 
with the starting buffer before a new sample injection 
was started. The flow rate was 0.7 ml /min .  The ab- 
sorbancy at 254 nm was recorded, and the peaks were 
automatically integrated. 

Cellular total phosphate was determined according 
to Ames and Dubin [10] as follows. Samples of cell 
suspensions containing (1 -2 ) .  106 cells were diluted 
200-fold with ice-cold 150 mM NaC1 in 13 × 100 mm 
pyrex test tubes and centrifuged for 7 min at 3000 × g 
at 2°C. After centrifugation the diluted medium was 
removed. The centrifugation was repeated and residual 
medium was completely aspirated. The cell pellet was 
suspended in 0.1 ml of 150 mM NaC1, and 0.1 ml of 0.4 
M M g ( N O 3 ) z - 6 H 2 0  in ethanol was added. The mix- 
ture was evaporated to dryness over a strong flame 
with rapid shaking and further heated in the flame 
until the brown fumes had disappeared. After the 
tubes had cooled 1.0 ml of 1.0 M HCI was added. The 
tubes was capped with a drip-catcher and heated in a 
boiling water bath for 15 rain to hydrolyze any pyro- 

phosphate formed in the ashing procedure. Total cellu- 
lar phosphate was determined by measuring the con- 
tent of inorganic phosphate in the sample [10]. 

Cellular water content was determined in experi- 
ments performed in the presence of tritiated water 
from the 3H content of the medium and that of the 
cells isolated by centrifugation through oil. The value 
obtained was corrected for extracellular water based 
on experiments with [methoxy-14C]inulin and deter- 
mined from the radioactivity of the medium and that of 
the isolated cells. The values for 10 ~' cells were 1.10 _+ 
0.09/xl (means + S.D. [17]). 

2.1. Experimental setup 

Like several other structural analogs of adenosine 
also purine riboside may be taken up by cells and 
accumulate as phosphorylated derivatives, primarily as 
the triphosphate [11,12]. Using (6-3H)-labeled purine 
riboside we have found that in Ehrlich ascites tumor 
cells more than 96% of all of the phosphorylated 
derivatives may be accounted for as the mono-, di- and 
triphosphate (PrMP, PrDP and PrTP, respectively), 
(data not shown). The determination of these three 
compounds in addition to that of AMP, ADP, ATP 
and Pi permits a quantitation of the main amounts of 
the acid-soluble phosphorylated compounds. When 
purine riboside was added its amount was in several 
fold excess over the phosphorylated derivatives which 
may accumulate in the cells and its concentration more 
than 10-fold the apparent  K m value (12.5 tzM) for its 
intracellular accumulation as phosphorylated deriva- 
tives. Since glucose affects the cellular content of 
adenosine phosphates in Ehrlich cells [13] we have 
used lactate (15 mM) as carbon source. The A T P / A D P  
ratio in control cells was constant over 1 h under such 
conditions. 

3. Results 

3.1. Experiment with varying concentrations of  Pi at p H  
6.5 

Experiment in the absence o f  purine riboside 
The relationship between extracellular Pi concentra- 

tion and the Pi content of the cells as function of time 
has been determined. It appears  from Fig. 1 that in the 
absence of P~ in the medium the amount and the 
concentrations of intracellular Pi decreases to a low 
value while it at 12 mM extracellular Pi is almost 
constant at 5 mM. At 25 mM and even more so at 45 
mM extracellular P~ its intracellular content and con- 
centration initially increases but levels off after about 
20 min at concentrations (approx. 10 mM and 18 mM) 
that are considerably below the extracellular value. 
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The nucleotide content was unchanged at all Pi con- 
centrations in the experimental period (results not 
shown). 

These results are similar to those obtained by 
Barankiewicz et al. [13] with the same type of ceils in a 
glucose containing medium. They suggested that the 
fact that the intracellular concentration of P~ does not 
approach that of the medium at high concentrations 
might be explained by a rapid esterification of intra- 
cellular Pi and hence not included in the results ob- 
tained by the determination performed. If this is the 
case one should expect to find a continuous increase in 
the total amount of phosphate residues in ceils incu- 
bated with high concentration of Pi. According to Fig. 
1 the increase should be at least 120 t~mol per 106 cells 
in 2 h at 45 mM Pi. We have made such determinations 
in cells incubated with 45 mM Pi and the results 
showed no significant increase over 2 h in the total 
content of phosphate derivatives. This is in contrast to 
cells incubated with both 45 mM Pi and purine riboside 
showing a considerable increase in total phosphate 
(Fig. 2). We would, therefore, rather suggest that intra- 
cellular Pi inhibits its own net uptake over the cell 
membrane in a concentration dependent  manner. This 
may partially be explained by the electrochemical prop- 
erties of the cells. 

Experiments in the presence of purine riboside 
At 45 mM Pi, PrTP accumulated in the cells at an 

almost constant rate for 1 h. Only small amounts  of 
PrDP of PrMP were formed while the content of the 
adenosine phosphates and of Pi were almost un- 

~) 400 t 

300 

~ =  200 1 / /  

E ~  ~o t-,, 

o 30 60 90 12o 
rain 

Fig. 2. Amounts  of total phosphate  residues present  in cells incu- 
bated at 45 mM Pi in the presence or in the absence of purine 
riboside. At zero time isotonic sodium phosphate  buffer (pH 6.5) and 
lactate were added to a cell suspension to give a concentration of Pi 
of 45 mM 15 raM, respectively, and that of purine riboside when 
added of 2.5 raM. After  various times of incubation two samples 
were taken. In one sample cells were separated from the medium by 
centrifugation through a layer of oil followed by an extraction of the 
cells by PCA. The neutralized extract was used for nucleotide 
analysis. In the second sample the cells were decomposed by an 
ashing procedure for determination of the amount  of total phosphate  
residues in the cells. Content  of total phosphate  residues in control 
cells incubation in the absence of purine riboside (e); sum of total 
phosphate  residues in experimental  cells incubated with purine ribo- 
side (13); content  of phosphate  residues present  in purine riboside 
phosphates  accumulated in experimental  cells ( • ); sum of phosphate 
residues present  in purine riboside phosphates  accumulated in exper- 
imental cells plus total phosphate  residues present  in control cells 
( • ) .  The curves represent  one of two identical experiments.  
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Fig. 1. Time-dependent  effect of different extracellular Pi concentra- 
tions on its own cellular accumulation. At zero time cells suspended 
in 140 m M  of NaCI, 0.5 m M  of MgSO 4 and 25 m M  of Hepes  of pH 
6.5 were transferred to constant  volumes of isotonic mixtures of 
NaCI and sodium phosphate  (pH 6.5) to give final phosphate  concen- 
trations of 0, 12, 25 and 45 mM. Sodium lactate was added to a final 
concentration of 15 mM. At the indicated times cell pellets were 
obtained by centrifugation through oil and extracted with PCA, and 
Pi content  determined.  

changed (Fig. 3). The utilization of intracellular Pi for 
accumulation of PrTP apparently prevents its content 
to increase and it may at the same time also prevent its 
presumed inhibitory effect on its own net uptake. 

Experiments like that in Fig. 3 but with lower extra- 
cellular concentration of Pi showed that the sum of the 
intracellular phosphate residues as present in Pi and in 
adenosine- and purine riboside phosphates plotted 
against time gave almost linear rates at all five Pi 
concentrations used (see Fig. 4). Linear regression 
analyses of these results showed that the rate of accu- 
mulation of phosphate compounds increased linearly 
with the extracellular concentration of Pi at least up to 
45 mM (see inset in Fig. 4). The experiments showed in 
addition that the intracellular Pi content was lower at 
lower extracellular Pi concentration and that the pool 
of adenosine phosphates was exhausted at rates that 
increased as the extracellular Pi concentration de- 
creased (Table 1). The assumption that it is the extra- 
cellular Pi solely and not some pool of intracellular 
phosphate compound (e.g., polyphosphates) that is the 
source of the phosphate that accumulates in the cells 
as purine riboside phosphates was supported by experi- 
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Fig. 3. Effect of purine riboside on cellular content of Pi, purine 
riboside phosphates and adenosine phosphates.  At zero time a cell 
suspension was transferred to an isotonic mixture of NaCI and 
sodium phosphate  (pH 6.5) to give a final concentrations of 45 mM 
phosphate.  Lactate and purine riboside were added to give final 
concentration of 15 mM and 3 raM, respectively. Aliquots were 
treated as in Fig. 1 at the indicated times and analyzed for P~ and 
nucleotides. The curves represent  one out of three identical experi- 
ments. Ordinate: intracellular content  of phosphate  compounds.  

ments which showed that the presence of purine ribo- 
side causes a decrease at an almost constant rate in the 
Pi content of the medium for about 2 h and that the 
sum of phosphate residues present in adenosine- and 
purine riboside phosphates in the cells increases by the 
same rate (data not shown). In addition, the increase in 
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Fig. 4. Effect of different extracellular concentrations of Pi on 
accumulation of cellular phosphate  residues present  in Pi, purine 
riboside phosphates and adenosine phosphates in cells incubated 
with purine riboside. Experiments were performed as in Fig. 3 except 
for extracellular concentration of Pi which varied as indicated. The 
curves represent  one out of  three identical experiments.  Ordinate: 
sum of phosphate  residues present  in Pi, purine riboside phosphates 
and adenosine phosphates.  (Inset) Rates  (nmol phosphate  residues 
per 106 cells per h) as obtained by linear regression analyses of 
accumulation of phosphate  residues as function of extracellular 
concentrtion of Pi (mM). Values are means_+S.D. (n = 3). 

Table 1 
Steady-state concentrations of Pi and exhaustion of the pool of 
adenosine phosphates  in cells incubated with purine riboside and 
various concentrations of Pi 

Extracellular Pi Intracellular Pi 
(mM) (mM) " 

Decrease in the sum of 
ATP, ADP and AMP b 

mM per cent 

0 0.2_+0.02 2.4_+0.4 70+12  
25 1.7_+0.9 1.5_+0.3 44+ 9 
45 4.6_+0.9 0.8_+0.1 24_+ 3 

Cells were incubated as described for Fig. 4. 
Means_+S.D. (n = 9) of values at 20, 40 and 60 min for three 

independent  experiments. 
b Decrease in 1 h from the content  at 0 rain (3.4_+ 0.5 mM). Values 
are means_+ S.D. for three independent  experiments. 

total phosphate residues in cells incubated at 45 mM P~ 
and purine riboside could completely be accounted for 
by the increase in the sum of phosphate residues 
present in Pi and in adenosine- and purine riboside 
phosphates (Fig. 2). The rate of cellular net uptake of 
P~ may, therefore, be determined by the rate of intra- 
cellular increase in the sum of these phosphate 
residues. 

3.2. Experiments at uarying pH and at 45 mM Pi 

Experiments in the absence of purine riboside 
At pH 7.0 the initial rate of increase of cellular P~ 

content and the final level were similar to that at pH 
6.5 (Fig. 1). At pH 7.9 very modest uptake of Pi was 
observed and at pH 7.5 intermediary values were ob- 
tained (data not shown). 

Experiments in the presence of purine riboside 
The changes in cellular content of Pt and of adeno- 

sine-and purine riboside phosphates at pH 7.0 were 
very similar to those at pH 6.5 (see Fig. 3). At pH 7.5 
and pH 7.9, however, the cellular content of Pi de- 
creased immediately and the rate of accumulation of 
purine riboside phosphates was considerably lower at 
pH 7.5 and it was almost zero at pH 7.9. At the latter 
pH there was in addition a pronounced exhaustion of 
the pool of adenosine phosphates (data not shown). 
The sum of the intracellular phosphate residues pre- 
sent in P~ and in the adenosine- and purine riboside 
phosphates plotted against time gave almost linear 
rates at all four pH values (Fig. 5). The rates as 
obtained by linear regression analyses of these data 
were plotted against pH and showed a dramatic de- 
crease between pH 7.0 and 7.9 (see inset in Fig. 5). 

3.3. Lack of effect of extracellular Na + 

Determination of steady-state Pi exchange flux has 
revealed that two transport systems exist in Ehrlich 
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Fig. 5. Effect of extracellular pH on accumulation of the sum of 
phosphate  residues present  in Pi, purine riboside phosphates  and 
adenosine phosphates  in cells incubated in the presence of purine 
riboside. Experiments  were performed as in Fig. 3 at an extrace|lular 
Pi concentration of 45 mM in the presence of purine riboside (3 mM) 
and at extracellular pH-values as indicated. The  curves represent  one 
out  of three identical experiments.  Ordinate: sum of intracellular 
phosphate  residues present  in Pi, purine riboside phosphates  and 
adenosine phosphates.  (Inset) Rates  (nmol of phosphate  residues per 
106 cells per h) as obtained by linear regression analyses of accumu- 
lation of phosphate  residues as function of extracellular pH. The  
values are m e a n s +  S.D. (n = 3). 

ascites tumor cells; a Na + dependent  system that shOws 
saturation kinetics and that has H2PO 4 as substrate 
[13], and a Na+-independent system for which the flux 
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Fig. 6. Effect of extracellular Na+-concentration on intracellular 
accumulation of the sum of phosphate  residues present  in Pi, purine 
riboside phosphates  and adenosine phosphates.  The experiment was 
performed as described for Fig. 3 except that Na ÷ was partially or 
completely replaced by choline ions, the sum of the two being kept 
constant  at 150 mM. Ordinate: accumulation of the sum of phos- 
phate residues present  in Pi, purine riboside phosphates  and adeno- 
sine phosphates.  

is proportional to the extracellular P~ concentration at 
least up to 30 mM [14]. We have found that at 45 mM 
Pi the net uptake of Pi in the absence of nucleosides is 
unchanged when Na + in the medium is substituted for 
by choline (data not shown). In the presence of purine 
riboside but under otherwise identical conditions a 
partial or a complete substitution of Na + by choline 
had also no effect on the rate of increased intracellular 
phosphate given as the sum of phosphate residues 
present in Pi and in adenosine-and purine riboside 
phosphates (Fig. 6). It is, therefore, concluded that the 
net uptake of Pi under these conditions takes place by 
the Na+-independent transport system for which the 
rate is proportional to the Pi concentration. 

4. Di scuss ion  

It has been found under a number of conditions that 
in the presence of purine riboside the cellular steady- 
state content of P~ is low compared to that seen in the 
absence of this nucleoside. Furthermore,  conditions 
like low extraeellular concentrations of Pi or high pH 
that both limit Pi uptake also, in the presence of purine 
riboside, limit the steady-state concentration of intra- 
cellular Pi and the expansion of the pool of ribonucleo- 
tides. This shows that immediately upon entry Pi is 
being incorporated in nucleotides leading to accumula- 
tion of the triphosphate of purine riboside. These 
findings indicate that it is the rate of net cellular 
uptake of Pi and not that of its esterification, or of the 
uptake of purine riboside, or the phosphorylation of 
this compound that is rate limiting for the expansion of 
the pool of ribonucleotides. 

When the cells were incubated at pH 6.5 in the 
presence of purine riboside and 45 mM Pi the intra- 
cellular Pi content was unchanged for 1 h at about 5 
nmol/106 cells which corresponds to an intracellular 
concentration of approx. 5 mM (Fig. 3). Incubation of 
ceils at lower Pi concentrations resulted in lower cellu- 
lar concentration of Pi and in exhaustion of the pool of 
adenosine phosphates at rates that were faster the 
lower the extracellular Pi concentration was (Table 1). 
These observations suggest that the intracellular con- 
centration of Pi may play a major role for the stability 
of the pool of adenosine phosphates. Under aerobic 
conditions this pool may be catabolized by deamination 
of AMP to IMP followed by dephosphorylation of the 
latter compound to inosine. Pi is known to be an 
effective inhibitor of both AMP deaminase and 5'- 
nucleotidase [17], and the present findings are in 
agreement with the possibility that at 5 mM P~ or 
higher concentrations the intracellular activity of these 
two enzymes is greatly inhibited, while they may be 
active at lower intracellular concentrations of Pi. 

Under physiological conditions the extracellular 
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concentra t ion of  Pi is usually relatively low. In human 
blood serum it is 1 to 2 m M  and in the R P M I  and 
D M E  media it is 5.6 mM and 0.9 mM, respectively. We 
have previously found that in 3T3 mouse fibroblats 
grown in the latter medium adenosine gives rise to 
relatively rapid catabolism of adenine r ibonucleotides 
(approx. 30 nmol of  hypoxanthine plus inosine formed 
per  10 ~ cells per h). This process was slightly overcom- 
pensated by phosphoryla t ion of  adenosine to A M P  
resulting in a ra ther  slow expansion of  the A T P  pool 
(ab 5 nmol per  10 6 cells per h) [7]. Under  similar 
conditions 3 ' -deoxyadenosine gave rise to exhaustion of  
the pool of  adenosine phosphates  in less than 1 h and 
to accumulat ion of  3 ' -deoxyATP [8]. These findings 
resemble the results obtained by t rea tment  of  humans  
with the adenosine  deaminase  inhibitor 2'-deoxyco- 
formycin [18] and they also resemble the state which 
prevail in humans  suffering of  adenosine deaminase  
deficiency [19]. Unde r  both conditions the degradat ion 
of  D N A  in the cells that  are precursors to erythrocytes 
gives rise to accumulat ion of  2 ' -deoxyadenosine be- 
cause its deaminat ion  is prevented.  This leads to the 
presence of  relatively very large amounts  of  2'-de- 
oxyATP and low content  of  A T P  in blood cells. All of  
these observations are in accordance  with the present  
findings that purine riboside activates the catabolism of 
adenine r ibonucleotides most efficiently when the con- 
centrat ion of P~ is low and that  purine riboside triphos- 
phate  accumulates  only slowly under  these conditions 
due to slow net  uptake  of  Pi. This mechanism of effect 
may, thus, be valid for a number  of  analogs of  adeno-  
sine that are subject to intracellular phosphorylat ion.  
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