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SUMMARY

Pyrazofunin (PYF), a C-niboside, inhibited the replication

of cultured Novikoff rat hepatoma cells, HeLa cells, and
mouse L-cells at concentrations as low as 0.1 to 10 VIA,but
Novikoff cells were more sensitive than the cells of the other
two celllines.Inhibitionofcellreplicationwas completely
prevented by the presence of 0.1 to 1 mM unidine in the
medium, and partly by the presence of other pynimidine, but
not punine nucleosides. A 2- to 4-hr treatment of the cells
with10 @MPYF resultedina 2-foldincreaseintherateof
incorporation of unidine into the acid-soluble pool and nu
cleic acids, while the rate of incorporation of adenosine into
RNA was reduced about 85%. The incorporation of adeno
sine and deoxyunidineinto DNAwere reduced about 85and
50%, respectively. The results are consistent with the view
that PYF inhibits the de novo synthesis of pymimidine nu
cleosides. The inhibition of cell replication seems to be due
mainly to an inhibition of DNA rather than RNA synthesis,
resulting from a rapid depletion of the pynimidine deoxynu
cleotide pool, since addition of thymidine and deoxycyti
dine reversed the inhibition of DNA synthesis and cell repli
cation by PYF. PYF must enter the cells to exert its toxicity
since the toxicity of PYF was reduced 70 to 80% by the
presence of 8 @.tMPersantin, a potent inhibitor of the facili
tated and simple diffusion of various substrates, in the
medium. If PYF is incorporated via normal nucleoside sal
vage pathways, its affinity for the nucleoside transport sys
tem(s) and kinases, must be low since, even at a concen
tration of 1 mM, it had only a slight effect on the initial mates
of incorporation of various nucleosides into the nucleotide
pool.

INTRODUCTION

PYF2 is a metabolic product of Streptomyces candidus. It
is a C-niboside(Chart 1)and is presently under investigation
as an antitumor agent (3, 13). it has been shown to inhibit
the growth of some transplantable tumors in mice and rats
(13), as well as the replication of certain viruses in cell
culture (12). Inhibition of virus replication was suggested to
be due to an inhibition of the de novo synthesis of pyrimi
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dine nucleotides, since the effect was relieved by the pres
ence of uridine in the medium (12). Our studies with cell
cultures indicate that asimilar block of de novo pymimidine
nucleotide synthesis is also responsible for the inhibition of
nucleic acid synthesis in tumor cells in culture by PYF and
the inhibition of cell replication.

MATERIALSAND METHODS

Novikoff rat hepatoma cells (subline Ni 51-67), HeLa cells,
and mouse L-cells were propagated in suspension culture
in Swim's Medium 67 and enumerated with a Coulter
counter as described previously (2, 9, 15). For growth ex
peniments,medium was inoculated with cells from expo
nential-phase cultures. For studies on the incorporation of
labeled precursors, cells were harvested by centnifugation
at 400 x g for 1 mm and suspended in BM42B (7) containing
labeled substrates as indicated in the appropriate expeni
ments.Duplicate 1-mIsamplesof suspensionwere analyzed
for radioactivity in total cell material (acid-soluble plus acid
insoluble), for radioactivity in acid-insoluble material, or for
radioactivity in RNA and DNA as described previously (2, 7,
10). The acid-soluble pools were extracted from labeled
cells with perchlonic acid, cellular RNA was hydrolyzed with
alkali, and the labeled components were separated chmoma
tognaphically and electmophoretically, respectively, as de
scnibed in the same publications.

Unlabeled nucleosides [methy!-3H]thymidmne, [6-3H]de
oxyunidine, [5-3Hjumidmne,[8-3H]adenosmne,[8-3Hjguanosmne,
and 3H-labeledamino acid mixture (reconstituted protein
hydrolysate) were purchased from Schwarz/Mann, Orange
burg, N. Y., 2,6-bis(diethanolamino)-4,8-dipiperidinopyr
imido(5,4-D)pyrimidine (Pemsantin) was a gift from Geigy
Pharmaceuticals, Yonkers, N. Y. PYFwas supplied by the
Division of Cancer Treatment, National Cancer Institute.
Aqueous solutions of 10 and 1 mM were prepared and
stonedat â€”20Â°.

RESULTSAND DISCUSSION

Chart 24 shows that the replication of NiSi-67 cells in
suspension culture was inhibited by PYFat concentrations
as low as 0.1 VIA.The inhibition of cell replication became
apparent within 4 to 5 hr. A significant proportion of tmypan
bluestainablecellswas firstdetectableinthe inhibited
cultures at about 30 hr of treatment. The replication of HeLa
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not the major role in the protective effect of umidine.This
conclusion is also supported by the finding that PYF caused
a marked stimulation of [3H)unidine incorporation into total
cell material and even to a greaten extent into nucleic acids
(Chart 3). This effect indicates that the PYF-treated cells
became depleted of UIP. A similar effect has been observed
when cells have been depleted of UIP due to exposure to
high concentrations of glucosamine (5, 11) or KCN (6). The
stimulation of unidine incorporation increased with time of
exposure to PYF. After 4 hr of treatment with 10 @MPYF,
unidine incorporation into acid-insoluble material was in
creased 2- to 3-fold, while the amount of radioactivity in the
acid-soluble pool (difference between total in the cell and in
acid-insoluble material) was reduced to a similar extent.
These effects of PYF are also apparent from the total ra
dioactivities recovered in acid extracts of the soluble pools
and in alkali hydnolysates of RNA from 60-mm labeled cells.
Furthermore, the relative proportion of radioactivity associ
ated with UTP and UDP-hexoses plus UMP in the acid
soluble pool were about 45 and 55%, respectively, for PYF
treated cells compared with corresponding values of about
70 and 30% for untreated cells. In contrast, the distribution
of radioactivity in CMP (about 35%)and UMP(65%)of RNA
was not affected by the PYF treatment. The latter finding
indicates that the conversion of UIP to CIP, which is in
hibited by other nucleoside analogs such as deazaunidine
(1, 4), was not affected by PYF. The degradation of umidine
to uracil was also not affected by PYF in the experiment
illustrated in Chart 3. After6O mm of incubation, about 15%
of the radioactivity remaining in the medium was associated
with unacil in both untreated and PYF-treated cultures.

The finding that the medium needed to be supplemented
with between 100 and 1000 @Munlabeled unidine to com
pletely reverse the effect of PYF and to allow the replication

H

Chart 1. Pyrazofurin (4-hydroxy-5-@-D-ribofuranosylpyrazoIe-3-carboxam
ide).
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Chart 2. InhibitIon of replication of N1S1-67 cells by PYF (A) and reversal
of the effect by uridine (B). Exponential phase cultures of N1S1-67cells were
diluted with growth medium. Samples of the suspensions were supple
mented with the indicated concentrations of PYF and uridine, incubated on a
gyratory shaker at 37@,and monitored for cell density.

and L-cells was also inhibited by PYF, although these cells
were slightly less sensitive than N1S1-67 cells (data not
shown). The inhibition of replication of N1S1-67 cells was
completely prevented by the presence of unlabeled unidine
in the medium (Chart 28). This finding is consistent with the
view that PYF inhibits cell replication by inhibiting the de
novo synthesis of pynimidine nucleotides (13). Umidine,how
ever, could also counteract the effect of PYF by inhibiting
its transport into the cell on its subsequent phosphorylation.
As will be discussed later, such an effect may play some, but

TIME (HR)
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Chart 3. Effect of PYF on the incorporation of uridine by N151-67 cells.
One sample of an exponential phase culture of 1.2 x 10 N1S1-67 cells/mI
was supplemented with 10 @sMPYF and another sample remained untreated.
The suspensionswere incubated at 37Â°.At 0, 2, and 4 hr of incubation,
samples of cells of each suspension were collected by centrifugation and
resuspended to 2 x 10' cells/mI in BM42B containing 5 ga.i (3Hjuridlne (50
cpm/pmole). These suspensions were incubated and duplicate 1-mI samples
thereof were analyzed for radioactivity in total cell material and acid-Insolu
ble material. Points, averages of the duplicate samples.
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Inhibition of Growth of Cultured Ce!ls by PYF

of the cells to the normal maximum cell density (Chart 28) is
consistent with a complete block of the de novo synthesis of
pymimidine nucleotides by PYF. It can be readily calculated
on the basis of a RNA and DNA content of 30 and 10 @g/i06
cells, respectively (15), and an approximate 50% average
content of pymimidine nucleotides, that the cells require
about 170 nmoles of pynimidine nucleotides for the replica
tion of 2.8 to 3.0 x 106 cells, the maximum cell density pen
ml. This requirement would be satisfied by a unidine con
centration of 170 @IAin the medium. The early cessation of
growth in the presence of 100 @Munidine (Chart 2B), there
fore, was probably due to an exhaustion of unidine in the
medium.

For obvious reasons the results presented in Chart 3 do
not allow an assessment of the effect of PYF on RNA synthe
sis, although they suggest that some RNA synthesis must
have occurred in PYF-treated cells. In sharp contrast to
unidine incorporation, the incorporation of adenosine into
RNA was inhibited about 85% by a 4-hr exposure of the cells
to 10 @MPYF (Chart 4B). Adenosine incorporation into DNA
was reduced to a similar extent (Chart 4B). These resultsare
consistent with the view that the synthesis of both RNA and
DNA were inhibited about 85%. This conclusion, however,
is only valid if the mateof adenosine transport and phospho
rylation and its incorporation via hypoxanthine as well as
the size of the AlP and dAIP pools were unaffected by the
treatment. That this was probably the case is indicated by
the finding that the time courses of incorporation of adeno
sine into total cell material (acid-soluble plus acid-insolu
ble) were the same for both treated and untreated cells
(Chart 44). Furthermore, chnomatognaphic analysis of the
pools extracted from 60-mm labeled cells showed that
about 90% of the radioactivity from both types of cells was
associated with AlP. An inhibition of DNA synthesis was
also indicated by a marked decrease in the rate of incorpo
ration of deoxyunidine into acid-insoluble material, in spite
ofa marked increaseintheinitialrateofitsincorporation
into total cell material, that is into the acid-soluble pool
(Chart 5, A to C). The increased incorporation of deoxyuni
dine into the nucleotide pool was probably due to a de
crease in the dIIP levels of PYF-treated cells and suggests
that the synthesis of DNA was reduced even more than
indicated by the decrease in the incorporation of deoxyuni
dine. Results similar to those with deoxyumidine were ob
tamed in identical experiments with thymidine (data not
shown). These results, however, emphasize the difficulties
in estimating the rates of nucleic acid synthesis by measum
ingthe matesof incorporationof nucleicacidprecursors
into nucleic acids. Not only does the mateof incorporation
depend on the mateof transport and phosphomylation of the
precursor into the cell (9), but it is also affected by changes
in the absolute concentrations of the corresponding nu
cleoside tniphosphates.

As judged by the matesof incorporation of deoxyumidine
(Chart 5, A to C) and of adenosine into DNA (data not
shown), the inhibition of DNA synthesis became apparent
within the 1st 2 hr of treatment with PYF. In contrast, the
incorporationofamino acidsintoproteinwas notinhibited
until about 4 hr of PYF treatment (Chart 6).

The inhibition of DNA synthesis was probably mainly me
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Chart 4. Effect of PYF on the incorporation of adenosine by Ni 51-67 cells.
One sample of an exponential phase culture at 1.3 x 10' cells/mI was
supplemented with 10 @.tMPYF and another sample remained untreated . After
4 hr of incubation at 37Â°,the cells were collected by centrifugation and
suspended to the original volume of suspension in BM42B containing 5 pM
[3H]adenosine (70 cpm/pmole). The suspensions were incubated at 37Â°and
duplicate 1-mI samples were analyzed for radioactivity in total cell material
(A) or radioactivity in ANA and DNA (B).

TIME(MIN)

sponsible for the rapid inhibition of cell growth. This con
clusion is supported by the data in Chart SD which shows
that the inhibition of deoxyunidine incorporation into DNA
was readily reversed by addition of deoxycytidine. Deoxyu
ridine alone was insufficient to support DNA synthesis in
PYF-treated cells, since the reduction of deoxyumidine in
corporation due to PYF treatment was about the same
whether the cells were supplemented with 1 @IA(Chart SC)
or 10 @tIA(Chart SD) deoxyuridine. The combination of
deoxyunidine and deoxycytidine was as effective in meyers
ing the inhibition as unidine. Furthermore, addition of deox
ycytidine and thymidine reversed the effect of PYF on cell
replication, although the growth rate was lower than that of
PYF-treated cells supplemented with unidine (Chart 7B).
Previous results have shown that thymidine, deoxyunidine,
and deoxycytidine are incorporated by Novikoff cells almost
exclusively into DNA (7). Whether in PYF-treated cells thy
midine and deoxycytidine can also be converted to UIP and
CIP has not been investigated, but this seems unlikely. The
cells do not possess enzymes either to remove the 5'-methyl
group of thymidine nor to deaminate cytidine. The inhibi
tion of DNA synthesis by PYF was apparently due to the
depletion of the cells of dIIP and dCTP only, since hypo
xanthine had no effect on deoxyumidine incorporation by
PYF-treated cells (Chart 6D) and did not further enhance the
effect of deoxycytidine and deoxyumidine(data not shown).
Also adenosine had no effect on the growth inhibition by
PYF (Chart 7A). The depletion of the deoxypymimidine nu
cleotides can probably be accounted for by the inhibition of
de novo synthesis of pynimidines and does not require the
assumption that PYF also inhibits the nibonucleoside-di
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Chart 5. Effect of PYF on the incorporation of deoxyuridine by N151-67 cells and reversal by other nucleosides (A to C). The experiment was conducted as
described in the legend to Chart 4, except that the suspensions were supplemented with 1.25 @.tM[3Hjdeoxyuridine (1 10 cpm/pmole) Instead of [3Hluridine (0).
After 4 hr of incubation with 10 @MPYF, cells were collected by centrifugation and suspended in BM42B containing 10 @.tM(3H)deoxyuridine and where
indicated 10 @iMdeoxycytidine (dCyd), uridine (Urd), or hypoxanthine (Hyp) or combinations of these nucleosides and hypoxanthine (data not shown).
Duplicate i-mI samples were analyzed for radioactivity in acid-insoluble material.
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Chart 6. Effect of PYF on amino acid incorporation by N1S1-67 cells. The
experiment was conducted as described in the legend to Chart 4, except that
the suspensions were supplemented with 1 .tCi/ml of a mixture of 3H-labeled
amino acids (reconstituted protein hydrolysate) instead of [3H]uridine.
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Chart 7. Effect of Persantin (A) and various nucleosides (B) on the inhibi
tion of N1S1-67 cell replication by PYF. Samples of an early exponential
phase culture were supplemented where indicated with 0.3 g.M PYF, 8 @M
Persantin (Pers), 100 MMuridine (Urd), 100 ,.tMcytidine (Cyd), 30 @udeoxy
cytidine (dCyd), 30 j.tM thymidine (dThd), or 100 pM adenosine (Ado). B, all
suspensions contained PYF, except the control. The suspensions were incu
bated on a gyratory shaker at 37' and monitored for cell density.

The question of the mode of uptake of PYF by cells and its
subsequent phosphomylation were investigated by deter
mining its effect on the incorporation of various nucleo
sides into total cell material and nucleic acids. PYF, even at

phosphate meductase (EC 1.17.4.1). As shown in other cell
systems, the mateof DNA synthesis is rapidly affected by the
lowering of the level of any of the 4 deoxymibonucleotide
tniphosphates (14). It has been suggested that the block in
pynimidine biosynthesis is due to the inhibition of omotidine
5'-monophosphate decarboxylase (EC 4.1 .1.23). This con
clusion is indicated by the finding that PYF-monophosphate
inhibits the release of 14C02from [7-14C]omoticacid upon
incubation with cell-free extracts from matliver and 5'-phos
phonibosyl-1-pynophosphate (13). Whether other steps in
pyrimidmne biosynthesis are also affected, however, is not
known.
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Inhibition of Growth of Cultured Cells by PYF

a concentration of 1 mM, had only little immediate effects
(less than 10% inhibition) on the incorporation and there
fore on the transport and phosphomylation of 5 @IAadeno
sine, 2.5 ,.@Mguanosine, 0.5 @Mthymidmne, or 5 j@IAunidine
by a suspension of 2 x i0@N1S1-67 cells/mI in BM42B (data
not shown). This finding indicates that PYF has only a low, if
any, affinity for the nucleoside transport system(s)and ki
nases. Thus it is uncertain whether or to what extent PYF
may be incorporated by cells via the normal nucleoside
salvage pathways. If it is incorporated with low efficiency via
these pathways, one would expect the natural nucleosides
to be quite effective in inhibiting the incorporation of PYF.
As mentioned already, the presence of deoxycytidine plus
thymidine or of cytidine reduced the effect of PYF (Chart
7B), but it cannot be decided from these results to what

extent this effect was due to an inhibition of PYFincompona
tion on to replenishing the supply of depleted pymimidine
nucleotides. Inhibition of incorporation probably plays a
minor mole,since adenosine which also might be expected
to inhibit PYF transport and/on phosphorylation failed to
reverse the effect of PYF (Chart 7A). This interpretation,
however, is open to some uncertainties since adenosine is
rapidly converted to pumine bases which would not be ex
pected to inhibit PYF incorporation. We have attempted to
counteract this degradation by adding more adenosine at
15 and 23 hr of incubation (Chart 7A), but to no avail.

Nevertheless, PYF cleanly must enter the cells to exert its
toxicity. This is indicated by the finding that the presenceof
Pensantin, at a concentration (8 @IA)that has no effect on
cell replication, reduced the inhibition of cell replication by
PYF by 70 to 80% (Chart 7A). Persantin is a potent inhibitor
of the transport of all nucleosides and monosaccharides,
without significantly affecting the kinase activities (8), but it
also inhibits the uptake of various substrates by simple
diffusion.3 Thus on the basis of the Persantin effect, it
cannot be decided whether PYF enters the cells via a nu
cleoside facilitated diffusion system or by simple diffusion.

The finding that the unidine was more efficient in meyers
ing the effect of PYF on cell growth than deoxycytidine and
thymidine (Chart 7B) is expected. The pymimidine deoxynu
cleosides probably only reverse the inhibition of DNA syn
thesis. Growth probably then becomes limited by the slow
synthesis of nibonucleotides, which probably still occurs in
the presence of relatively low concentration of PYF (0.3
j.tM). The presence of 8 @.tMPersantin markedly reduced the
degree of reversal by umidine of the PYF inhibition of cell
replication (Chart 7B). Most likely in the presence of Per
santin, the rate of cell growth was limited by the mateof
incorporation of umidine into the acid-soluble pool of the
cell. A similar type of experiment has demonstrated that the
growth rate of methotrexate-treated cells was directly pro
portional to the mateof incorporation of hypoxanthine in the
presence of an excess of thymidine or of thymidine in the
presence of an excess of hypoxanthine.4 The finding that
Pemsantin impairs the reversal of the PYF inhibition of cell
replication by unidine suggests that this transport inhibitor

3 J. C. Graff and P. G. W. Plagemann, manuscript in preparation.

4 A. Marz and P. G. W. Plagemann. Growth Rate of Cultured Novikoff

Rat Hepatoma Cells as a Function of the Rate of Thymidine and Hypoxan
thine Uptake, submitted for publication.

might be useful in potentiating the effect of PYF. It has been
suggested that the relative resistance of certain transplanta
ble tumors in mice and rats might be due to an efficient
utilization of unidine from the circulation (13). Persantin
might be effective in preventing this rescue if unidine con
centrations are relatively low, while the PYF concentration
is high enough to overcome the inhibition of PYF uptake by
Persantin.

The mechanism of the relative resistance of various tu
momsin vivo to PYF, however, needs further investigation.
First the concentration of unidine in the blood circulation is
probably too low to allow cell replication in the absence of
de novo pymimidine biosynthesis. It has also not been dem
onstrated that the differences in relative sensitivities of van
ious tumors (13) correlates with differences in their umidine
salvage activity. It was suggested (3, 13) that the resistance
of Ehrlich ascites tumor cells to PYF in vivo is not due to an
impermeability of the cells to PYF, since PYF inhibited the
decamboxylation of orotic acid by intact cells. However, very
high concentrations of PYF (1 .7 mM) were used in this
experiment (13), and one could argue that this concentra
tion simply overcame any permeability or transport differ
ences between sensitive and partially resistant tumor cells.
Our results suggest that the incorporation of PYF via the
salvage pathways is probably rather inefficient and slight
differences in this capacity therefore could conceivably be
responsible for differences in drug sensitivity. This question
can be investigated in more detail when radioactively Ia
beled PYF becomes available.
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