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Abstract-Purim nuc1eoside.r and ribose-5-phosphate (Rib-5-P) mere used to modulate the 
metabolism and cytotoxicity (?f 5Y&orouracil (5-FC’) zn order to get a better understanding oj 
the mechanism of action of 5-FL’. In extracts from ,hve different cell lines both Rib-5-P and 
inosine were relatioely good prerursors ,for Rib-l-P, but deoxyinosine was a moderate to poor 
precursor for deoxyRib-1-P. In the human colon carrinoma ll’iDr and the human epithelial 
intestinal Intestine 407 inosine enhanced Rib- 1 -P conrentrations 3%Gfold. Incubation ulith 
deoxyinosine resulted in the appearance of deoxyRib-1 -P in both cell lines in levels comparable 
to those of Rib-l-P. dI.MP had th e jame effert as deoxyinosine in Intestine 407 cells, but not 
in WiI)r cells. Both inosine and deoxyinosine caused a depletion ofphosphoribosyl-pyrophosphate. 

In M’iDr ~11s deo.+no.sine (0.1-1.0 mhl) clearly potentiated the growth inhibition by 
0.1-0.5 I_LM 5-FL” after. 24 h of culture, but groutth between 24 and 48 h was normal. In 
Intestine 407 cells the potentiation of 5-FL: @otoxicity by deoxyinosine was even more pronounced 
at 48 h than at 24 h. In Il’iDr cells dI.MP did not potentiate 5-FU cytotoxicitp, but in 
Intestine ,407 cel1.s the effect u,as comparable to that of deoginotine. The lack of potentiation 
in W?Dr- was arrompanied by a loze~ metabolism of dI,MP. Growth inhibition bya SF1 and 
deoxyinosine rould be rer,er-sed by thymidine in Intestine 407 ~11s but not complrte~ in ItUr 
cells. Since the predominant target of the deowyinosine-SF1 combination u’as thymidylate 
syntha.re. z’e analyzed the inhibition of this enqme by Fdl:MP and the retention of the inhibition 
in cell tulture. In both cell lines FdllMP Lejas a potent competitive inhibitor oj thymidylatr 
sq’nthase zrlith a K, of betu~em 0.5 and 2 nnl. Culture of cells in the presence of i-FL. and 
deoxyinosine resulted in an almost complete inhibition qf thymidylate synthase acti@ after 24 h 

but after 48 h the acti@ was partly recovered. In Intestine 407 cells replenishment of the 
culture medium at 24 h ewn enhanced the recovery. Analysis of 5-FC; anabolism into nucleic 
acids demonstrated that deoxyinosine inhibited the incorporation of 5-FO into RATA. It is 
concluded that in Inkstine 407 cells addition of deoxyjinosine enhanced the effects of E-FL’ on 
growth inhibition due to increased formation qf Fdl,:MP leading to enhanced inhibition of 
thvmidylate .!ynthase. In Lli’L)r cells incorporation of 5-FL: into RNA might also contr-ibute 
siCgniJicnntlll to ~ytotouirity. 

INTRODUCTION 
STUDIES on the mechanism of action of 5-FU are 
hampered by the complex metabolism of this rela- 
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tively simple antimetabolite [ 11. 5-FU can be 
anabolized directly to FUMP or indirectly via FUR. 
The contribution of these pathways to the formation 
of nucleotides depends on the activities of the 
enzymes catalyzing these reactions and on the avail- 
ability of the substrates 121. Measurement of these 

*To whom correspondence should be directed. 
Abbreviations used: 5-FU, 54Iuorouracil; FUR, 5-Buorouri- 
dine; FUdR, 54uorodeoxyuridine; FUMP, 5-fluoro-uridine-5’- 
monoohosnhate; FdUMP. 5-huoro-2’-deoxvuridine-.5’-mono- 

enzymes can partially predict the route of 5-FU 

phosphate: Rib-5-P, rib ose-5-phosphate; Rib-l-P, ribose-l- 
phosphate; dRib-l-P, deoxy-ribose-l-phosphate; PRPP, 5-pho- 
sphoribosyl-1-pyrophosphate; OPRT, orotate phosphoribosyl 
transferase; 5,10-CH,FH,, 5, lo-methylene tetrahydrofolate; 
TCA, trichloroacetic acid; KL,,~. concentration that causes 50% 
growth inhibition. 
Portions ofthis work have been presented at the 5th International 
Symposium on Human Purim and Pyrimidine Metabolism, San 
Diego, CA, U.S.A., 1985. 

anabolism [3]; although in vitro measurement of 
enzyme activities does not always reflect intracellu- 
lar metabolism of the substrates. A limited avail- 
ability of the substrates might influence 5-FU 
metabolism. In a previous study we measured the 
concentration of the co-substrate PRPP [4] and 
found comparable steady state concentrations 
(between 100 and 200 pmoll10” cells) in a panel of 
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Fig. 1. Schematic outline of intra- and extracellular metabolism of 

(deoxy)inosine and dIMP in relation to 5-FU. The enzymes cata[yzing 

these reactions are; 1, phosphatases and 5’-nucleotidases; 2, purine nucleo- 

side phosphotylase; 3, hypoxanthine phosphoribosyl transfeerase; 4, phos- 

phoribomutase; 5, PRPP synthetase; 6, pyrimidine m&aside 

phospho&zse; 7, orotatephosphoribosyl transferase; 8, pyrimidine nucleo- 

side kinases; 9, nucleoside monophosphate kinase; 10, ribonucleotide 

reductase; 11, 5’.nucleotidase; 12, nucleoside diphosphate kinase; 13, 
thymidylate synthase; 14, RNA polymerase. 

six cell lines of different histological origin. Con- 
sumption of PRPP and enzyme activities correlated 
quite well with intracellular 5-FU metabolism [5]. 

Although 5-FU cytotoxicity can be related to 
some extent with the activities ofenzymes catalyzing 
its metabolism [6, 71, the actual determinants of 
cell growth inhibition are the incorporation of 5-FU 
into RNA or the binding of FdUMP to thymidylate 
synthase leading to inhibition of DNA synthesis. It 
has been postulated that 5-FU incorporation into 
DNA may also contribute to 5-FU cytotoxicity. 
The mechanism of cytotoxicity might vary in each 
different cell line or tissue. Biochemical modulation 
of the activation pathways of 5-FU offers the possi- 
bility to a selective enhancement of e.g. FdUMP 
formation and to determine whether FdUMP inhi- 
bition of thymidylate synthase is an important 
mechanism of action in a specific cell line. 

Synthesis of FdUMP or FUMP can be selectively 
enhanced by providing a higher concentration of 
one of the co-substrates, dRib-1-P or Rib-l-P, 
respectively. Since thcsc pentose phosphates can- 
not pass the cellular membrane, precursors such as 
purine nucleosides (Fig. 1) can be used. These 
nucleosides can easily bc transported into the cell 
by facilitated diffusion [8]; their phosphorolysis 
is catalyzed by purine nuclcoside phosphorylase 
yielding hypoxanthine and pentose phosphates, 
which can serve as co-substrates for 5-FU metab- 

olism. The possibility of using purine nucleosides 
as precursors for 5-FU anabolism has already been 
recognized for several decades [9, lo]. In a variety 
of systems either inosine or deoxyinosine have 
shown to be able to increase the growth inhibition 
by 5-FU [l l-141 and to enhance the antitumor 
activity [ 151. It has also been shown that deoxyino- 
sine or inosinc can protect cells against 5-FU 
[ 11, 161. Also purine nucleotides can serve as pre- 
cursors for pentosc phosphates [ 171. It has also been 
demonstrated that nuclcosidcs might be useful to 
study the mechanism of action, since a selective 
stimulation ofa certain pathway is obtained [ 181. 

All purinc nucleosidcs affect 5-FU metabolism 
differently. Inosine affects the cytotoxicity of 5-FU 
by enhancing incorporation into RNA [ 131, while 
deoxyinosine can enhance the FdUMP pool 
[12, 181 leading to increased inhibition of DNA 
synthesis. However, both inosine and deoxyinosine 
can decrease 5-FU incorporation into RNA [ 111, 
thus preventing a lack of potentiation. Thus, a 
detailed study of the effects of inosine and deoxyino- 
sine on 5-FU cytotoxicity and metabolism might 
lead to a better understanding of the mechanism of 
action of 5-FU in specific cell lines. In a panel of 
cell lines, which were used for extensive studies of 
5-FU metabolism [3], WC determined the capacity 
of purine nuclcosidcs to replace the pcntosc phos- 
phates as co-substrates for 5-FU anabolism. We 
also included Rib-5-P in thcsc studies since the 
concentration of this pentosc phosphate is usually 
higher in cells as the equilibrium of the phosphori- 
bomutase reaction is at the Rib-5-P site [19]. Fur- 
thermore Rib-5-P is a precursor for both Rib-l-P 
and PRPP. In two selected cell lines, both of human 
intestinal origin, we studied the synergism of 5-FU 
and deoxyinosine, and the effect of these nuclcosidcs 
on pentose phosphate concentration and PRPP. 
These results are related with the effect ofdeoxyino- 
sine on 5-FU incorporation into nucleic acids and 
on FdUMP binding and on the retention of FdUMP 
binding to thymidylate synthase. 

MATERIALS AND METHODS 

Materials 
The origin of the various cell lines, culture media 

and fetal bovine serum have been described pre- 
viously [3]. 5-FU, FUR, FUdR, FdUMP, dUMP, 
hypoxanthine, inosine, deoxyinosine, Rib-l-P, 
dRib-1-P and dIMP were obtained from Sigma, St. 
Louis, MO, U.S.A., while PRPP, RNase, purine 
nucleoside phosphorylase and orotate phosphori- 
bosyltransferase were from Bochringer, Mannheim, 
F.R.G. The radiochemicals [6-‘4C]5-FU, [6”H]5- 
FU, [5-3H]dUMP, [carboxyl-‘4C]orotic acid and 
[8-t4C]hypoxanthine were obtained from New 
England Nuclear Corporation, Dreieichenhain, 
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F.R.G. Prepacked HPLC columns LiChrosorb- 
lORP18 (length 25 cm, ID 4.6 mm, particle size 
10 pm) and Partisil-SAX (length 25 cm, ID 
4.6 mm, particle size 10 km) were obtained from 
Chrompack, Middelburg, The Netherlands. All 
other chemicals were of analytical grade quality. 

Cell culture 
Cells were routinely cultured in 10% undialyzed, 

heat-inactivated fetal bovine serum in 20 mM 
hcpes-buffered Dulbecco’s MEM medium in 
75 cm2 culture flasks at 37°C under an atmosphere 
of 5% CO,. Growth inhibition experiments were 
performed with 15% dialyzed fetal bovine srrum in 

6-well (10 cm2 per well) cluster plates essentially 
as described previously [3]. Cells were continuously 
exposed to drugs, nucleosides and dIMP; the extent 
of growth inhibition was calculated as described 
previously [3]. The media in which the cells had 
been cultured were collected after 24 and 48 h; 
dcproteinized with trichloroacetic acid (final con- 
centration 5%; w/v), neutralized with alaminc- 
Freon 1201 and frozen until analyses could be perfor- 
med. 

Enzyme assays 
Enzyme activities were measured in extracts pre- 

pared from freshly isolated cells or from cell pellets 

frozen at -7O”C, as described previously [3]. 
Shortly, the rate of 5-FU metabolism was measured 
at a substrate concentration of 0.27 mM [6-“%]5- 
FU in the presence of 5 mM MgCl,. Co-substrates 
(Rib-l-P or dRib-1-P) and precursors for these co- 
substrates (Rib-5-P, inosine or deoxyinosine) were 
present at a final concentration of 2.5 mM. The 
activity of thymidylate synthase was assayed by 

following the release of tritium from [5-“HIdUMP 
(I! l] as dcscribcd previously [3]. 

Analysis of metabolites in culture medium 
The concentrations ofnucleosides and bases were 

determined with HPLC on a reversed-phase column 
(LiChrosorb lo-RP-18) using isocratic elution 
(1.5 ml/mm; 50 mM KH,PO,, p H 4.5 containing 
6% methanol). Hypoxanthine, inosine and deoxyi- 
nosine were eluted afer 5.0, 6.4 and 8.4 min, 
respectively. The concentration ofdIMP was deter- 
mined with HPLC using an anion exchange column 
(Partisil-SAX) using isocratic conditions (1.5 ml/ 

nun; 0.13 M KH,PO,, 0.25 M KCl, pH 4.4). 
Deoxyinosinc, hypoxanthine and dIMP were eluted 
after 4.2, 4.4 and 5.3 min, respectively. 

Assay of PRPP, Rib- 1 -P and dRib- 1 -P 
The concentration of PRPP was measured using 

the method based on “CO, release from [carboxyl- 
’ ‘Clorotic acid [22, 231. The effect of nucleosides on 
PRPP concentration was determined as described 

EJC 23:12-D 

previously [4, 241. 
The concentration of Rib-l-P was determined 

with a method slightly modified from those 
described previously [25, 261. Briefly, a cell pellet 
(l-2 X 10” cells) was suspended in 60 p,l Tris-HCl 
buffer (50 mM; pH 7.4) containing 1 mM EDTA. 
The suspension was heated during 5 min at 95°C 
in an Eppendorf incubator in order to dcnaturc 
interfering proteins. Thereafter the tubes were 
chilled in ice. The denatured protein was spun 
down. For the Rib-l-P assay 10 pl purinc nuclco- 
side phosphorylase (3 kg) and 10 pl [S-l ‘C] hypox- 
anthinr (6.2 nmol, 18 mCi/mmol) were added to 
the supernatant. Thr tubes were incubated for 
30 min in a shaking waterbath at 37°C. The reac- 
tion was tcrminatcd by heating at 95°C for 3 min 
followed by addition of 20 ~1 5 mM hypoxanthine 
and inosine. Denatured protein was spun down and 
the supcrnatant was analyzed on thin-layer shrets 
as described previously for the purinc nuclcosidc 
phosphorylase assay [27]. Inosinc and dcoxyinosinc 
have the same K,- value. The calibration curve 
included Rib-l-P concentrations ranging from 1 to 
50 (IM. In order to check complete conversion of 
Rib-l-P and its recovery, a known amount of Rib- 
1-P was added to the cell pcllct just before or just 
after the first heating step. 

The effect of nucleosidcs and dIhlP on the con- 
centrations of Rib- 1-P and dRib-1-P was deter- 
mined using an incubation proccdurc similar to 
that used for PRPP. Briefly, cells were harvested, 
suspended in Dulbccco’s medium without serum, 
incubated for 1 h at 37°C in a shaking water- 
bath and nucleosidcs were added. Incubations were 
proceeded for an additional 1 or 2 h and wcrc 
stopped by spinning down the cells in a minicentri- 
fuge. The medium was pipetted off and the cell 
pellets were immediately frozen at - 70°C. Freezing 
did not affect the Rib-l-P or dRib-1-P conccn- 
trations. 

5-FL’ incorporation into RNA, DN,4 and binding of 
FdUMP to thymidylate synthase 

Measurement of 5-FU incorporation into RNA 
was performed after incubation with [6-“H]5-FU, 
according to methods slightly modified from those 
described previously [3]. Cells were incubated in 
96-well Millititer GV plates which were coated at 
the bottom with hydrophilic Durapore membrane 
with a 0.22 pm pore size (Millipore Corporation, 
Bedford, Massachusetts, U.S.A.). Each well con- 
tained lo”-10’ cells in 100 ~1 hepes-buffered Dul- 
becco’s MEM medium without serum. After a 
preincubation at 37°C under 5% CO, 10 ~1 
nucleosides were added to the wells followed after 
30 min by 10 ~1 [6-“H]5-FU (1.7 or 3.4 nmol; 685 
mCi/mmol, respectively). After an incubation of 
O-4 h, the whole plate was placed on a special 
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Table 1. Activity of pyrimidine nucleoside phosphorylase in the presence of inosine, 
deoxyinosine or Rib-L&P 

Precursor 

Cell line Rib-5-P Inosine Deoxyinosine 

B16 0.5 k 0.1 n.d. n.d. 
IGR3 11.3 2 0.1 6.9 k 0.2 2.5 0.2 t 
M5 2.9 + 0.8 5.8 f 1.0 1.4 0.2 f 
WiDr 0.5 * 0.2 0.6 k 0.1 0.1 0.05 2 
Intestine 407 1.2 * 0.2 0.9 k 0.1 0.3 0.13 f 
H35 2.4 f 0.1 4.2 2 0.1 1.9 0.1 f 

Activities (means +- SE.) are given in nmol/h per 10” cells and are from 3-5 separate 
experiments. n.d., not done. 

Millititer vacuum holder (Millipore) and the 
medium was filtered through the filter. Sub- 
sequently the cells were precipitated on the filter 
with 150 pl ice-cold 5% TCA. After filtration of 
the acid-soluble fraction through the filter this pro- 
cedure was repeated three times, followed by four 
washes with 100 ~1 H,O and four washes with 
100 pl 70% ethanol. After drying the filter could 
be removed from the 96-well plate with a Millititer 
filter punch (Millipore). Radioactivity was deter- 
mined by addition of 100 pl Soluene-350 to the 
filters followed after 10 min by 5 ml Dimilume. The 
values obtained by this procedure represent the 
incorporation of 5-FU into RNA and DNA and the 
binding of 5-FdUMP to thymidylate synthase. In 
order to separate RNA from other fractions the 
washing steps with 70% ethanol were omitted and 
replaced by four additional washes with 100 ml 
H,O. Thereafter the acid-insoluble fractions on 
these filters were incubated for 20 min with RNase 
(15 pg in 100 pl Tris-HCl, containing 1 mM 
EDTA at pH 7.4) at 37°C. This reaction was 
stopped as described above by filtration of the fluid 
followed by four washes with ice-cold TCA, four 
washes with water and four washes with 70% 
ethanol. Thereafter the radioactivity on the filters 
could be determined. This radioactivity will rep- 
resent the amount of 5-FU incorporated into DNA 
and the amount of 5-FU bound to thymidylate 
synthase in the form of a FdUMP-thymidylate 
synthase-folate complex. 

RESULTS 

Enzyme activities 
A panel of six cell lines from different histological 

origins was assayed for their capacity to use purine 
nucleosides as precursors for pentose phosphates. 
This was performed by measuring the conversion 
of 5-FU to FUR or to FUdR in the presence of 
inosine or deoxyinosine (Table 1). Since pentose 
phosphates are usually present in the cell as Rib-5- 
P [ 19, 281 we also used this pentose phosphate as a 

substrate. The highest absolute activity with Rib- 
5-P was found in IGR3 cells and the lowest activity 
in WiDr and B 16 cells. 

With inosine as a precursor the highest absolute 
activity was also found in IGR3 cells, but activity 
in the M5 cells was comparable. Lowest activity 
was observed in the human intestine cell lines WiDr 
and Intestine 407. With deoxyinosine as a precursor 
the absolute activities were much lower than with 
inosine. This is in contrast to the activities with 
Rib-l-P and dRib-l-P, which were comparable in 
all these cell lines [3]. 

The absolute values were compared with data 
obtained with the natural co-substrates Rib-l-P 
and dRib-l-P, which were reported previously [3]. 
The percentages given in Table 2 were obtained 
from experiments in which the activity ofpyrimidine 
nucleoside phosphorylase was measured both with 
the natural co-substrate and with the precursor. 

With Rib-5-P as precursor the highest relative 
activity was found in B16 cells and the lowest in 
WiDr cells. With both inosine and deoxyinosine the 
lowest relative rate was observed in IGR3 and 
WiDr cells, while the highest rate was observed in 
Intestine 407 cells. 

Concentrations of Rib- 1 -P, dRib- 1 -P and PRPP 
The Rib-l-P assay had a detection limit of 

100 pmol Rib- 1-P per assay and was linear up to 
at least 5 nmol per incubation mixture (Fig. 2), 
both with standards and with standards added to 
cell extracts. The recovery of Rib-l-P which was 
added before the first heating step was > 95%. 
After 30 min conversion of Rib-l-P to inosine was 
complete; a 60 min incubation gave similar results. 
It was assumed that the amount ofdRib-1-P in cells 
was negligible [29], and that [ i4C] hypoxanthine 
was only converted to [14C]inosine with the physio- 
logical intracellular Rib-l-P as co-substrate. This 
assumption was verified by measurement of the 
Rib-l-P concentration with HPLC; the cell extract 
was incubated with purine nucleoside phosphoryl- 
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Table 2. Relative rate of pyrimidine nucleoside phosphorylase in the presence of precursors 

Precursor 

Cell line Rib-5-P Inosine Deoxyinosine 

B16 94k 16 n. d n.d. 

IGR3 10 * 5 24 k 5 82 1 

M5 34 2 7 50 2 7 11 +2 

WiDr 30 C 6 33 ? 5 721 

Intestine 407 70 2 6 86 +- 8 19 + 5 

H 35 31 +4 47 t 4 13 + 3 

Values (means t S.E.) are percentages ofthe enzyme activities with Rib-l-P (for Rib-5-P 

and inosine) or with dRib-1-P (for deoxyinosine) as co-substrates performed in the same 

experiment. Values are from 3-4 separate experiments. n.d., not done. 

0 0.5 1.0 
nmol Rib-l-P added 

Fig. 2. Linearity of the Rib-l-P assay. 

ase and 50 pM non-radiolabeled hypoxanthine. 
The formed inosine was determined with HPLC. 
No deoxyinosine could be detected. 

Intracellular inosine or deoxyinosine might affect 
the Rib-l-P assay. In ccl1 suspensions incubated 
with 1 mM inosine, the major part of the nucleoside 
would be in the medium and would be lost after 
centrifugation of the cells. Inosine in the cells might 
be higher than physiological levels but was diluted 
by the Tris-EDTA buffer to a very low concen- 
tration. We added excess (2.5 nmol) non-radiolab- 
elcd inosine to the Rib-l-P assay mixture, The 
conversion of [‘4C]hypoxanthine to [‘4C]inosine 
was not altered. This means that Rib-l-P measure- 
ments in cells incubated with inosine were accurate. 

The concentration of Rib-l-P in cells was meas- 
ured immediately after harvesting, and after 1 and 
2 h. The concentrations of Rib-l-P were between 
0.2 and 1.5 pmol/106 cells with all cell lines tested 
(data for Bl6, M5 and IGR3 are not shown; data 
for WiDr and Intestine 407 in Table 3). After 
incubation the Rib-l-P concentrations were com- 
parable to those before incubation, in contrast to 
PRPP concentrations [4, 241. Incubation with 
1 mM inosine increased the Rb-1-P concentration 
3-6-fold. Incubation of cells with deoxyinosine 
resulted in the appearance of dRib-1-P. The 

assumption was made that the Rib-l-P pool will 
not be altered by incubation with deoxyinosine and 
that the additional radioactivity at the inosine spot 
was [14C]deoxyinosine, and represented dRib-1-P 
present in the cells [29]. The incubation with dIMP 
also enhanced dRib-1-P in both cell lines, but to a 
lower extent in WiDr cells. 

In all cell lines tested inosine decreased the con- 
centration of PRPP down to about 20% of the 
original concentration (Table 4). Deoxyinosine also 
decreased the concentration of PRPP in all cell lines, 
but in IGR3 cells this decrease was only down to 
about 50% of the original concentration. The effect 
ofdIMP on PRPP concentration was only studied in 
WiDr and Intestine 407 cells. PRPP concentration 
was decreased in both cell lines after incubation 
with dIMP. 

Effect of deoxyinosine and inosine on growth inhibition by 
5-FU 

For several reasons the WiDr and Intestine 407 
cell lines were selected for growth inhibition studies 
in combination with deoxyinosine and inosine. 
Firstly, these cell lines showed the lowest and high- 
est relative rate ofusage ofpurine nucleoside precur- 
sors. Secondly, both cell lines are from human 
intestinal origin. Thirdly, WiDr has a very low 
activity of thymidylate synthase, while Intestine 
407 has a relatively high activity [3]. Furthermore, 
both cell lines have a comparable activity of OPRT 
which catalyzes the direct activation pathway for 
5-FU [3, 41, utilizing PRPP, so interference of this 
pathway will be comparable. 

Inosine did not inhibit cell growth nor potentiate 
the growth inhibition by 5-FU on WiDr and Intes- 
tine 407 cells (data not shown). Deoxyinosine 
inhibited growth of WiDr cells only at the highest 
concentration tested (1 mM). Deoxyinosine was 
tested with 5-FU concentrations which did not or 
only slightly affect the growth inhibition. The q0 
values for Intestine 407 and WiDr were about 
1.7 and 0.7 pM [3]. Therefore we chose 0.1 and 
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Table 3. Effect of inosine and of deoxyinosine and dIMP on the intracellular concentrations 
of Rib-l-P and dRib-l-P 

Addition Time (h) Compound WiDr Intestine 407 

NOW 0 Rib-l-P 0.26 t 0.04 (6) 1.10 + 0.18 (5) 
None 1 Rib-l-P 0.38 f 0.05 (6) 0.79 ? 0.14 (5) 
None 2 Rib-l-P 0.39 2 0.07 (6) 0.72 * 0.10 (5) 
Inosine 2 Rib-l-P 1.94 t 0.44 (4) 2.54 * 0.19 (3) 
Deoxyinosine 2 dRib-1-P 1.56 2 0.29 (5) 2.25 ? 0.44 (3) 
dIMP 2 dRib-1-P 0.27 + 0.06 (3) 2.05 2 0.63 (3) 

Values (in pmol/106 cells) are means ? S.E. for the number of experiments indicated 
within parentheses. Cells were incubated for the time periods indicated. These values are 
corrected for the Rib-l-P concentrations, which were present after 2 h in controls without 
additions. Inosine, deoxyinosine and dIMP were present in the incubation mixture from 
1 to2h. 

Table 4. Effect of inosine, deoxyinosine and dIMP on the PRPP concentration 

Cell line 
Initial PRPP 

concentration 

Relativeconcentration (%) 

Inosine Deoxyinosine dIMP 

B16 200 -r- 20 18.1 + 4.7 13.4 k 3.7 n. d 
IGR3 87 2 10 21.8 2 5.1 51.6 ? 10.8 n.d. 
M5 111 + 19 12.9 ” 5.4 22.7 2 2.6 n.d. 
WiDr 131 ? 19 18.1 * 2.1 23.9 ” 3.4 22.1 2 2.9 
Intestine 407 84 2 22 30.2 2 9.5 11.9 k 4.1 22.5 k 6.6 

Values are means k S.E. of 3-5 separate experiments. Deoxyinosine, inosine and dIMP were present 
for 2 h at a concentration of 1 mM final concentration and were added 1 h after suspension of the cells. 
The PRPP concentration at this time point is given in pmol/106 cells. nd., not done. The PRPP 
concentration at the end of the incubation was set at 100%. The effects of 0.4 mM inosine and 
deoxyinosine were comparable to those of 1 mM. 

0.5 pM 5-FU for the WiDr cells and 0.5 and 1 pM 
for the Intestine 407 cells. Deoxyinosine clearly 
potentiated the effect of 5-FU in both cell lines 
(Fig. 3). However, there was a distinct difference 
between Intestine 407 and WiDr. At 0.1 PM 5-FU 
the potentiation in WiDr cells was only observed at 
1.0 mM deoxyinosine after 24 h, but after 48 h 
this effect was less. At 0.5 pM 5-FU cell kill was 
observed after 24 h in combination with 0.4 and 
1.0 mM deoxyinosine, but at 48 h relative growth 
inhibition was less than at 24 h. In Intestine 407 
cells the inhibition by 0.5 pM 5-FU and deoxyino- 
sine was comparable at 24 and 48 h; but at 1 PM 
5-FU the potentiating effect was even more pro- 
nounced at 48 h. 

Effect of dIMP on growth inhibition by 5-FU 
In order to get a more selective modulation of 

growth inhibition, we used dIMP as an indirect 
source for dRib-1-P. The growth inhibition by 5-FU 
in WiDr cells was not affected by dIMP (Fig. 4B). 
However, in Intestine 407 the growth inhibition by 
5-FU was clearly enhanced by dIMP (Fig. 4A) at 
the highest concentration of dIMP even leading to 

cell kill. The effect was comparable to that of 
deoxyinosine. 

Analysis of culture media 
In the culture media of cells treated with 5- 

FU and deoxyinosine or dIMP we measured the 
concentrations of deoxyinosine and dIMP and of 
their metabolites (Table 5). Striking differences 
were observed, which were partly in accordance 
with the differences in influence on growth inhi- 
bition. In both cell lines deoxyinosine was rapidly 
broken down to hypoxanthine. However, in WiDr 
at an initial concentration of 1 mM deoxyinosine 
an equilibrium was reached after 24 h since the 
amount of hypoxanthine did not increase further. 
In Intestine 407 cells degradation of deoxyinosine 
continued after 24 h. In both cell lines inosine was 
found in the culture medium which might be formed 
either directly from hypoxanthine in a reaction 
catalyzed by purine nucleoside phosphorylase or 
from dephosphorylation of IMP, which is a product 
of phosphoribosylation of hypoxanthine (Fig. 1). 

In both cell lines dIMP was dephosphorylated 
by an extracellular enzyme, either an ecto-5’-nucleo- 
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tidase or an ecto-phosphatase. In Intestine 407 cells 
the formation of deoxyinosine and hypoxanthine 
continued after 24 h; after 48 h the majority of 
dIMP was broken down to hypoxanthine. However, 
in WiDr cells dephosphorylation of dIMP did not 
continue after 24 h. The major part of dIMP was 
still present after 48 h. 

Effect of thymidine on growth inhibition by 5-FC’ and 
deoxyinosine 

In order to determine whether growth inhibition 

by 5-FU and deoxyinosine or dIMP was mediated 
by inhibition ofDNA synthesis, we added thymidine 
to the cultures. Thymidine will bypass the inhibition 
ofthymidylate synthase. In both cell lines thymidine 
reversed the growth inhibition by 5-FU and deoxy- 
inosine. This effect was most pronounced in Intes- 
tine 407 cells (Fig. 5A). In these cells both 2 and 
10 pM thymidine almost completely reversed 
growth inhibition induced by 5-FU and deoxyino- 
sine or dIMP. The growth rate between 24 and 
48 h was comparable to that of control cultures. 
However, in WiDr cells the kinetics of growth 
inhibition were different. Addition of 10 pM thymi- 
dine even enhanced the growth inhibition caused 
by 5-FU and deoxyinosine or dIMP (Fig. 5B). This 

effect was more pronounced with dIMP. After 24 h 
the growth rate in the presence of thymidine was 
comparable to that of control cells. 

The effect of thymidine was also studied on 
growth inhibition by 5-FU alone (at concentrations 
shown in Fig. 5). In Intestine 407 cells, 2 and 
10 pM thymidinc completely reversed growth inhi- 
bition after 24 and 48 h; in WiDr the rcvcrsal was 
intermediate at both time points (data not shown). 

Inhibition of thymidylate pthase 
In both cell lines we analyzed the inhibition 

of thymidylate synthase by FdUMP. Activity of 
thymidylate synthase, assayed at an optimal con- 
centration of 5,10-CH,FH,, was four times higher 
in Intestine 407. In both cell lines the K,,, for dUMP 
was comparable. The mode ofinhibition by FdUMP 
was competitive (Fig. 6). 

Not only the extent of enzyme inhibition but also 
the retention of enzyme inhibition is important to 
prolong the growth inhibition. Thercforc cells were 
incubated with 5-FU and deoxyinosine to enhance 
FdUMP formation and enzyme activity was meas- 
ured in cell extracts after 24 and 48 h at an optimal 
and a suboptimal dUMP concentration. Dilution of 
cell extracts with assay buffer will decrease endogen- 
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Fig. 4. Growth inhibition b 5-FlJ in combination with dIMP in Intestine 407 cells and WiDr cells. Bars represent means of 3-4 
separate experiments. S.D. was less than 10%. Con, control cultures without additions. 

Table 5. Concentrations of dIMP, deoxyinosine, hypoxanthine and inosine in medium of WiDr and Intestine 407 cells 

Treatment 

WiDr Intestine 407 

Time 
(h) dIMP Deoxyinosine Hypoxanthine lnosine dIMP Deoxyinosine Hypoxanthine Inosine 

0.4 mM dIMP 24 294 59 65 
48 188 84 132 

1.0 mM dIMP 24 683 69 79 
48 642 117 136 

0.4 mM 24 - 275 120 
deoxyinosine 48 _ 275 170 

1.0 mM 24 - 750 243 
deoxyinosine 48 - 700 284 

- 155 
40 

- 647 
222 

2.8 
2.7 

6 
14 

95 97 
118 222 - 

179 133 
293 305 - 

196 190 14 
115 264 18 
727 249 22 
542 415 34 

Values (in PM) are means of 2-3 separate experiments. 

ous levels of both FdUMP and dUMP. So, the the most pronounced difference between both cell 
observed inhibition of thymidylate synthase will lines was the retention of inhibition. When the 
only be the result of FdUMP bound to thymidylate culture medium was not refreshed at 24 h the 
synthase in the ternary complex. In both WiDr and activity of thymidylate synthase in WiDr cells was 
Intestine 407 cells thymidylate synthase was almost partly recovered after 48 h, but to a lower extent in 
completely inhibited when assayed at a low concen- Intestine 407. However, this difference between 
tration of dUMP. At an optimal dUMP concen- both cell lines was more pronounced when the 
tration inhibition was less in WiDr cells. However, medium of the cells was refreshed after 24 h. The 
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recovery of thymidylate synthase was not enhanced 
in WiDr. However, in Intestine 407 cells the activity 
of thymidylate synthase was almost normal, at least 
at optimal dUMP concentrations, at suboptimal 
dUMP concentration recovery was about 50%. 

Effect of deoxyinosine on 5-FU metabolism 
In order to determine whether deoxyinosine affec- 

ted 5-FU incorporation into RNA we measured 5- 
FU incorporation into RNA (Table 6). The methods 
described in this paper yielded similar results as a 
more laborious conventional assay described prc- 
viously [3]. The washing steps can be performed 
more conveniently and thoroughly using the 96- 
well Millititer plates coated with Durapore filter. 
Furthermore, more samples can be analyzed in the 
same time period, since up to 96 wells can be 
processed in the same time period. Alkaline diges- 
tion of RNA was substituted by RNasc treatment. 
Results were similar to those described previously 
[3]. The incorporation of5-FU into RNA was linear 
with the 5-FU concentration (Table 6). lncorpor- 
ation was also linear with time (data not shown). 
This was found with both cell lines. 

Deoxyinosine inhibited 5-FU incorporation into 
RNA in both cell lines. Incorporation was reduced 
down to 36 ZL 5 and 38 + 1% (means * S.E.) of 
control levels of WiDr and Intestine 107 cells, 
respectively. Incorporation of 5-FU into RNase 
stable high-molecular weight material was also 
determined. This high-molecular weight material 
consists of 5-FU incorporation into DNA and the 
FdUMP binding to thymidylate synthase [30, 311. 
Since incorporation of 5-FU into DNA is usually 
very low [32] and since the FdUMP thymidylate 
synthase complex is stable to TCA precipitation 
[33], this RNase stable material will be predomi- 
nantly FdUMP bound to thymidylate synthase. A 
slight increase of radioactivity in this fraction was 
observed in WiDr cells at 0.4 mM deoxyinosine, 
but not Intestine 407 cells. 

DISCUSSION 
In this study we demonstrate that deoxyinosinc 

can enhance growth inhibition by 5-FU, but that 
the extent and time course of potentiation were 
different for the two human colon cell lines which 
were used. Modulation with deoxyinosine was used 
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Fig. 6. Lineweaver-Burk plots of thymidylate synthase in Intestine 407 
cells and WiDr cells. The K, values for dUMP were 2.78 2 0.34 and 
3.72 r+ 0.28 pM for Intestine 407 and WiDr cells, respectively, 
and the K, values for FdUMP 1.84 t 0.35 and 0.50 ‘- 0.14 nM 
respectively. V,,, values were 1361 5 57 and 379 2 41 pm&h per 
lo6 cells, respectiveb. Values are meam 2 S.E. of three separate 
experiments. Enzyme inhibition by FdlJMP was competitive in respect to 

dUMP. The plots are of one representative experiment. 

for further characterization of the mechanism of 
action of 5-FU. Potentiation of 5-FU by deoxyino- 
sine has already been shown by others in different 
systems [9, 12, 15, 18, 311. However, it has also 
been shown that purines protected cells from 5-FU 
toxicity [ 16, 341. This differential effect of purines 
on 5-FU cytotoxiciy was used to study the mechan- 
ism of action of 5-FU. It has been reported that a 
protection by purines of 5-FU cytotoxicity was 
accompanied by a decrease in PRPP [ 16, 3 11. Since 
PRPP is an essential co-substrate for the direct 
conversion of 5-FU to FUMP, a depletion of PRPP 
will decrease the rate of this reaction. In cells in 

hr 
21 0 48 

hr 

Fig. 7. Recouev of thymidylate synthase in Intestine 407 and WiDr cells. 
Solid lines (connecting closed symbols) represent the activig in the 
continuous presence of 5-FU and deoxyinosine (0.4 mM). 5-FU concen- 
trations were 1 and 0.5 (*M for Intestine 407 and WiDr, respectiuely. 
Broken lines (connecting open symbols) represent culture in drug-free 
medium, after replenishment at 24 h. Values are mean1 ? S.E. of three 
separate experiments. v, V; activity of thymidylate synthase assayed at 

1 FM dUMP; A, A; activity assayed at 10 PM dUMP. 

which this pathway is the only one responsible for 
5-FU anabolism, purines will thus protect these 
cells from the cytotoxic effect of 5-FU. Both WiDr 
and Intestine 407 cells were not protected (by either 
inosine or deoxyinosine) leading to the conclusion 
that the direct conversion of 5-FU to FUMP is not 
the only pathway leading to activation of 5-FU. 
However, this does not imply that under physiologi- 
cal conditions (without inosine) the activation path- 
way via FUR to FUMP is more important, since 
the increase in Rib-l-P concentrations (induced by 
inosine) is not accompanied by an enhanced growth 
inhibition. It might even be possible that a lower 
rate of the direct conversion of 5-FU to FUMP in 
the presence ofinosine was compensated by a higher 
rate of the indirect pathways. 

The increase in Rib-l-P concentrations induced 
by inosine probably represent steady state concen- 
trations, which will be maintained longer. Measure- 
ment of Rib-l-P concentrations after a longer time 
period yielded the same levels, as was also found by 
others [35]. The same holds for dRib-1-P. The 
degradation of deoxyinosine to hypoxanthine con- 
tinued after 24 h, thus providing a continuous sup- 
ply for dRib-l-P, which will enhance the FdUMP 
formation [ 121. Probably, under these conditions 
this will be the only pathway for 5-FU anabolism, 
since PRPP is also depleted. The same mechanism 
is responsible for the potentiation of5-FU by dIMP. 
This nucleotide, which has a better solubility than 
deoxyinosine, enhanced the dRib-I-P conccn- 
trations in Intestine 407 cells and decreased PRPP 
concentrations. The lack of potentiation of 5-FU in 
WiDr correlates with the low ecto-phosphatase and 
ecto-nucleotidase activity in these cells compared 
to Intestine 407 cells [3]; this is also reflected by 
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Table 6. Effect of deoxyinosine on the incorporation of 5-Fl i into high molecular 
weight material 

Cell line 

Addition pM 5-FL! WiDr Intestine 407 

RN.4 
No 

0.4 mM 
Deoxyinosine 
ImM 
Deoxyinosine 

RiVase stable 
No 

0.4 mM 
Dcoxyinosine I 
1 mM 
Deoxyinosine i 

14 
33 
14 
33 

33 

14 
33 
14 
33 

33 

8.2 t 0.4 7.20 -e 0.48 
19.3 2 4.4 19.60 t 3.38 
3.7 t 0.4 2.98 k 0.57 
6.6 t I.2 7.47 c 1.17 

7.0 k 1 .o 

0.59 k 0.09 0.75 k 0.06 
1.56 k 0.33 1.45 2 0.26 
0.84 + 0.07 0.87 2 0.23 
1.79 + 0.66 1.33 t 0.27 

1.61 t 0.20 1.40 ” 0.32 

10.20 r 2.0 

Values (in pmol/h per 10” cells) are means t S.E.M. of 3-4 separate cxpcrimrnts. 
Deoxyinosine was added simultaneously with 5-FU to the incubation mixturr. 
Values of a 2 h incubation are shown. 

the relatively low conversion of dIMP to deoxyino- 
sine. A potentiation of 5-FU by GMP has been 
described for leukemic cells [ 171. It is not likely that 
the intestinal cell lines WiDr and Intestine 407 
show a potcntiation of 5-FU by GMP since no 
potentiation by inosine was observed. The mechan- 
ism of potcntiation by inosine would be the same as 
for GMP or its nucleosidc guanosine. 

The enhanced sensitivity to 5-FU induced b) 
dcoxyinosinc can be attributed to the enhanced 
FdUMP formation [12, 311 and consequently 
cnhanccd binding of FdUMP to thymidylate syn- 
thase [31]. Kinetics of inhibition of thymidylatc 
synthasc were comparable in both cell lines and also 
comparable with litcraturc data [36, 371. HowcLrer, 
not only is the extent of inhibition of thymidylatc 
synthase important but also the retention of the 
inhibition [37-391. This retention of inhibition is 
dependent on the FdUMP concentration and that 
of the folatc [ 12, 38-411. In the absence of prccur- 
sors for FdUMP the recovery of thymidylatc syn- 
thasc was more pronounced, indicating the 
importance of a continuous availability of 5-FU in 
the culture medium [31]. The results with WiDr 
cells demonstratrd that in this cell line inhibition of 
thymidylatc synthasc is not the only mechanism 
responsible for growth inhibition, even under con- 
ditions which favor FdUh,fP formation. Firstly, the 
retention of inhibition of thymidylatc synthasc dots 
not corrclatc with the rccovcry in growth after 24 h 

up to 48 h. Furthermore, thymidinc was not able to 
reverse growth inhibition by 5-FU and dcoxyinosine 
between 0 and 24 h. It might bc that in this cell 
line the low 5-FU incorporation into RNA still 
contributed to growth inhibition. It might also be 
possible that incorporation of5-FU into DNA4 partly 
accounted for growth inhibition in this ccl1 line [42]. 

The data in Table 6 for the RNasc-stable material 
will be predominantly FdUMP bound to thymidyl- 
ate synthase [30, 311. Only a small portion might be 
attributed to incorporation into DNA. Thr results 
demonstrate that, although a higher activity of 
thymidylate synthasc was observed in Intestine 407 
cells, this was not accompanied by an enhanced 
binding of FdUMP to thymidylatc synthase. This 
might be related with the morr rapid recovery of 
thymidylate synthase after removal of 5-FU and 
deoxyinosine from the medium. 

The results demonstrate that the USC of deoxyino- 
sine in the study of the mechanism of action of 5- 
FU can be useful. The inhibition of thymidylatc 
synthase will be enhanced leading to enhanced cell 
growth inhibition. The retention of the inhibition 
partly correlated with the duration of growth inhi- 
bition. Future studies should be directed to enhance 
the retention of growth inhibition specifically in 
tumor cells in order to enhance the selectivity. The 
role of folatcs, tither in the mono-glutamate form 

or as a polyglutamatc. can bc studied more in detail 
using the ccl1 lines and thr system dcscribcd. 
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