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The degradation of 5-fluoro-2'-deoxyuridine and a variety of other nucleosides to  the corre- 
sponding pyrimidine bases by the high-speed (105,000 x g) supernatant fraction of Ehrlich 
ascites cells has been investigated. Both 5-fluoro-2'-deoxyuridine and 5-fluorouridine were 
degraded rapidly by this preparation a t  pH optima of 6.4 and 7.4, respectively. A number of 
other pyrimidine nucleosides, in particular 2'-deoxyuridine and the 5-halogen-substituted 
derivatives of 2'-deoxyuridine, were also degraded to the free bases a t  varying rates under the 
same conditions. 3'-Monoacetyl-5-fluoro-2'-deoxyuridine and 3',5'-diacetyl-5-fluoro-2'-deoxy- 
uridine were not degraded by the high-speed supernatant fraction of Ehrlich ascites cells or of 
human, rat, or mouse liver. However, powerful deacetylase activity was found in a particulate 
fraction from liver; only very weak deacetylase activity was present in Ehrlich ascites cells. 
The phosphorylase activity of Ehrlich ascites cells towards 5-fluoro-2'-deoxyuridine was in- 
hibited by several compounds, in particular by 5-fluorouridine and uridine. Uridine was found 
to be a competitive inhibitor of the reaction. 

Previous work from this laboratory has clearly dem- 
onstrated that the inhibition of thymidylate syn- 
thetase and, hence, of DNA biosynthesis, is the mecha- 
nism by which 5-fluorouracil (FU) inhibits the growth 
of neoplastic tissue (Bosch et al., 1958; Harbers et al., 
1959; Hartmann and Heidelberger, 1961). The actual 
inhibitor of thymidylate synthetase has been shown 
to be 5 - fluoro - 2' - deoxyuridine - 5'  - monophosphate 
(FUDRP) (Cohen et al., 1958; Hartmsnn and Heidel- 
barger, 1961 ) and, further, the formation of this inhibi- 
tory nucleotide from FU has been found to follow 
the same pathway as that of deoxyuridylic acid from 
uracil (Chaudhuri et al., 1358; Harbers et al., 1959; 
Skold, 1960a,b). Thus, the first steps in the formation 
of FUDRP are the formation of 5-fluoro-2'-deoxyuridin? 
(FUDR) or 5-fluorouridine (FUR) from FU and deoxy- 

* Supported in part by grants CRTY-5002 and CY-2832 
from the National Cancer Institute, National Institutes of 
Health, U. S. Public Health Service. A preliminary account 
of part of this work appeared in Federation Proceedings (21,  
378, 1962. ) 

i American Cancer Society Professor of Oncology. 

ribose-1-phosphate or ribose-1-phosphate, respectively, 
reactions which are catalyzed by deoxyuridine phos- 
phorylase or uridine phosphorylase (Skold, 1960b). 
In view of this, FUDR should be a better precursor of 
FUDRP than FU, particularly if the main pathway of 
synthesis of the deoxyribonucleotide is via FUR and 
5-fluorouridine-5'-monophosphate (FURP) (Chaudhuri 
et al., 1958). The hypothesis was confirmed when it 
was found, first, that FUDR was a more effective 
carcinostatic agent than FU against the Ehrlich ascites 
carcinoma and sarcoma-180 in vivo (Heidelberger et al., 
1958) ; second, that the deoxyribonucleoside inhibited 
the incorporation of formate-CL4 into the DNA- 
thymine of Ehrlich ascites cells in vitro to a greater ex- 
tent than did FU (Bosch et aZ., 1958); and, third, 
that FUDR, in the presence of ATP, was phosphoryl- 
ated to FUDRP by a high-speed (105,000 X ?) super- 
natant fraction from Ehrlich ascites cells, wht reas FU 
did not give rise to FUDRP under the same conditions 
(Hartmann and Heidelberger, 1961). However, it 
was found that, in vivo, the effectiveness of FUDR 
was not as much greater than that of FU as might be 
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expected (Heidelberger et al., 1958). The reason for 
this is the reversibility of the reaction catalyzed by 
nucleoside phosphorylase and the consequent rapid 
degradation to FU of a large proportion of FUDR 
administered in uiuo (Chaudhuri et al., 1959). Thus, it 
appears that  one of the main limitations to cancer 
chemotherapy with FUDR is the rapid degradation 
of the drug by nucleoside phosphorylase. 

I n  view of these observations, the present study of 
the properties and specificity of the nucleoside phos- 
phorylase activity of the Ehrlich ascites carcinoma was 
undertaken. In addition, the possibility of inhibiting 
the degradation of FUDR was investigated, first, by 
chemical modification of the drug and, second, by 
inhibition of the nucleoside phosphorylase activity 
with a variety of compounds. 

EXPERIMENTAL 
(i) Preparation of Tissue Extracts.-Ascites cells 

were harvested from Swiss mice 7 days after intrapen- 
toneal transplantation of the Ehrlich ascites carcinoma 
and were washed twice with ice-cold 0.9% NaCl. 
The cells were suspended in two volumes of cold 0.15 
M phosphate buffer (pH 6.4) and were disrupted for 2 
minutes a t  10 kc/second in a Raytheon sonic oscillator. 
The high-speed supernatant (Ss) fraction was obtained 
by centrifuging the disrupted cells for one hour a t  
105,000 x g. The particulate fraction of the cells, 
containing nuclei, mitochondria, and microsomes, was 
obtained from the pellet of material remaining after 
removal of the Ss fraction. This pellet was washed 
with 0.15 M phosphate buffer (pH 6.4) and recentrifuged 
a t  105,000 X g for one hour. The washed pellet was 
then resuspended in 0.15 M phosphate buffer (pH 6.4) 
and centrifuged for 5 minutes a t  200 x g to remove 
cell debris. The resulting opaque suspension was 
taken as the particulate fraction. 

Human tissues were obtained from patients a t  sur- 
gery. All solid tissues used were minced with scissors 
and homogenized with four to five volumes of 0.15 M 
phosphate buffer (pH 6.4) in a Potter-Elvehjem 
homogenizer. The homogenates were filtered through 
glass wool and centrifuged for 5 minutes at 200 x g 
to remove cell debris. Both the SI fractions and 
particulate fractions of these tissues were obtained 
from the filtered homogenates by the procedure de- 
scribed for sonically disrupted Ehrlich ascites cells. 

The concentration of protein present in the tissue 
preparations was estimated by the quantitative biuret 
method of Gornall et al. (1949), with casein used as 
standard. 

(ii) Ma&rials.-FU,’ FUDR, a-FUDR, FUR, 3’- 
monoacetyl- FUDR, 3’3’ - diacetyl - FUDR, 3’,5‘ - di- 
propionyl - FUDR, 5 - fluoro - 6 - methoxy - 5,6- 
dihydro - 2’ - deoxyuridine, and 5 - bromo - 5 - fluoro- 
6 - methoxy - 5,6 - dihydro - 2 - deoxyuridine were 
generously provided by Dr. Robert Duschinsky of 
Hoffmann-LaRoche, Inc. FUDRP, diethyl-FUDRP, 
N,N - diethylaminoethyl - FUDRP, a,p - DNMP, 
and &p-DNMP were synthesized in this laboratory 

FU, 5-flUOr0- 
uracil; UDR, 2’-deoxyuridine; FUDR, 5-fluoro-2’-deoxy- 
uridine; ClUDR, BrUDR and IUDR, 5-chloro-, 5-bromo- 
and 5-iodo-2 ’-deoxyuridine, respectively; TDR, thymidine- 
UR, uridine; FUR, 5-fluorouridine; FUDRP, 5-flUOI-0; 
2’-deoxyuridine-5’-monophosphate; a,@-DNMP, B-5-flUOI-O- 
2’-deoxyuridylyl(5‘ -. 3’)-a-5-fluoro-2’-deoxyuridine; B,B- 
DNMP, @-5-fluoro-2’-deoxyuridylyl(5’ - 3’)-@-5-fluoro-2’- 
deoxyuridine; diethyl-FUDRP, 5-fluoro-2’-deoxyuridine- 
(5’)-diethylphosphate; N,N-diethylaminoethyl-FUDRP, 
5-flUOrO-2’-deoxyundine-5’-monophosphate- N,N-diethyl- 
aminoethyl ester. 

* Abbreviations used in this paper are: 

STANDARD CURVE FOR 
MIXTURES OF FU AND FUDR 
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FIG. 1.C‘tandard curve for mixtures of FU and FUDR; 
plot of OD 290/260 ratios of mixtures of FU and FUDR at 
pH 12 against percentage composition. 

(Remy et al., 1962). 6-Azathymine, 6-azauracil, 6- 
azauridine, UR, UDR, ClUDR, BrUDR, and IUDR 
were supplied by the California Corporation for Bio- 
chemical Research. 6-Azathymidine was a gift of 
Dr. William Prusoff, and /3-D-arabinosyl-5-fluorouracil 
was donated by Dr. J. J. Fox (Yung et al., 1961). 
We are indebted to Dr. K. C. Murdock and Dr. R. 
Angier of Lederle Laboratories for a generous gift of 
dl - 1 - [tram - 3 - hydroxy - cis - 4 - ihydroxymethyl) 
cyclopentyl] thymine (Murdock and Angier, 1962) 
and for full details of the properties of this compound 
prior to publication. FUDR-2-C l 4  was synthesized 
from FU-2-C ‘ 4  (purchased from the California Corpora- 
tion for Biochemical Research) by Dr. D. B. Koechlin 
of Hoffmann-LaRoche, Inc. 

(iii) Enzyme Assays.-Two methods of assaying 
the activity of the enzyme extracts were used. 

( a )  THE OPTICAL METHOD.--Incubation mixtures 
were prepared so that each milliliter contained 75 pmoles 
of phosphate buffer, 0.4 pmole of substrate, and 1.0 mg 
of tissue extract protein. Mixtures were incubated 
with continuous shaking under air a t  37” and, a t  vari- 
ous times, 1.0-ml samples were transferred to tubes 
containing 1.0 ml of ice-cold 10% perchloric acid. 
After the precipitated protein had coagulated, it was 
centrifuged, and 1.0 ml of the supernatant fluid was 
withdrawn and taken to pH 12 by the addition of 
1.0 ml of 1 N NaOH. The solution was diluted to 
4.0 ml with water, and the extinctions a t  260 mp and 
290 mp were determined in a Beckman Model DU 
spectrophotometer. The extinctions, a t  the same 
wave lengths, of the appropriate blank ia sample taken 
after the same time interval from an incubation mix- 
ture complete except for the substrate) were sub- 
tracted and the ratio of the extinction a t  290 mp to 
that a t  260 mp was calculated. By means of a stand- 
ard curve, such as the one shown in Figure 1, the 
percentage of free base present in the mixture was 
estimated. Standard curves for a number of pyrimi- 
dine bases and their nucleosides, for example, FU and 
FUDR (Fig. 11, were constructed by determining the 
OD 290 260 ratios a t  p H  12 of various known mix- 
tures of the free base and the nucleoside. 

( b )  THE ISOTOPIC METHOD. Into a conical cen- 
trifuge tube was pipetted 37.5 pmoles of phosphate 
buffer, 0.2 pmole of FUDR containing 0.05 pc of 
FUDR-2-CI4, and 0.5 mg of S,4 fraction protein, in a 
total volume of 0.50 ml. The mixture was incubated 
with continuous shaking a t  37‘ for 20 minutes, and 
the reaction was stopped by heating a t  100” for 5 
minutes. The precipitated protein was centrifuged, 
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DEGRADATION OF FUDR AT 

FRACTION 

A A  FUDR 
om FUR 

TIME (MINUTES) 
FIG. 2.-The degradation of FUDR a t  p H  6.4 and FUR 

at pH 7.4 with time. The enzyme activity was assayed by 
the standard optical method, described in the Experimental 
Section. 

EFFECT OF pH ON THE DEGRADATION 
OF FUDR AND FUR 
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FIG. 3.-The effect of p H  on the rate of degradation of 

FUDR and FUR. The enzyme activity of the Sa fraction of 
Ehrlich ascites cells was assayed by the standard optical 
method, described in the Experimental Section. Phosphate 
buffers of pH 6.0 to 8.0 were used, and the incubation time 
was 20 minutes. 

and 0.2 ml of the supernatant fluid was streaked onto 
a strip 12.5 X 51 cm) of Whatman No. 1 chromatog- 
raphy paper. FU and FUDR were separated by 
electrophoresis for 2 hours a t  2,250 v and 30-35 ma 
in 0.05 M sodium tetraborate, pH 9.2. The proportion 
of FUDR degraded to FU was determined by passing 
the strips through a windowless gas-flow strip-counter 
equipped with an integrator (Ludwig et al., 1960). 

The optical method was used to study the degrada- 
tion of FUDR and other nucleosides and also to meas- 
ure the rate of formation of free base from nucleoside 
derivatives such as FUDRP, 3'-monoacetyl-FUDR, 
and 3',5'-diacetyl-FUDR, which had ultraviolet spectra 
not significantly different from that of FUDR a t  pH 
12. Semiquantitative estimates of the degradation 
of other derivatives of FUDR, such as a,P-DNMP, 
were also obtained with this method. The isotopic 
method was used in studies of the effects of various 
substrates, which themselves were metabolized in the 
assay system, on the cleavage of FUDR to FU. 

In all experiments, excellent correspondence be- 
tween the optical and the isotopic methods was ob- 
tained. Over the complete range of FU and FZDR 
mixtures, agreement of within 5% between the two 
methods was observed. I n  each experiment incuba- 
tions were done in duplicate and each experiment re- 

peated a t  least once. 
time controls were incubated in parallel. 

Appropriate blanks and zero- 

RESULTS 

(a)  The Phosphordysis of FUDR and FUR by 
Ehrlich Ascites CeUs.-That FUDR and FUR were 
rapidly degraded to FU by the 105,000 x g supernatant 
(S,) fraction of Ehrlich ascites cells a t  pH 6.4 and 7.4, 
respectively, is clearly shown in Figure 2; the particu- 
late fraction of the same cells, containing nuclei, 
mitochondria, and microsomes, cleaved FUDR and 
FUR a t  a much slower rate. At pH 6.4 in 0.25 M 
Tris buffer, in the absence of added inorganic phos- 
phate, the cleavage of FUDR was only 21% of that 
observed in 0.25 M phosphate buffer or 0.10 M Tris 
buffer plus 0.15 M phosphate buffer. Thus, as has 
been found recently by Jacquez (1962), the Sa fraction 
contained the FUDR and FUR phosphorylase activity 
of Ehrlich ascites cells and so was used as the source 
of the enzyme without further purification. 

It can be seen from figures 2, 7, and 8 that the rates 
a t  which the nucleosides were degraded by the Sa 
fraction were not strictly linear and tended to reach a 
plateau a t  around 30 minutes. Although there was 
some deviation from linearity a t  20 minutes, this time 
was arbitrarily chosen for most of the experiments as 
a means of achieving the greatest experimental accuracy, 
since the changes in optical density were conkderably 
greater than those obtained a t  shorter time intervals. 
Thus, although the rates reported for degradation over 
a 20-minute interval may not represent maximum 
rates, nevertheless they are self-consistent throughout 
the study, and we believe the comparisons reported 
here to be valid. 

The maximum rate of degradation to FU occurred 
a t  p H  6.4 for FUDR and pH 7.4 for FUR (Fig. 3). 
These p H  optima correspond quite closely with those 
found by Pontis et al. (1961), using a purified nucleo- 
side phosphorylase preparation, for UDR ( p H  6.5) 
and U R  ( p H  8.1). The dependence of the rate a t  
which F'UDR was cleaved by a constant level of Sa 
fraction protein on the substrate concentration is 
shown in Figure 4; the results of the complementary 
study, inwhich the rates of degradation of a constant con- 
centration of FUDR by different concentrations of S3 
fraction protein were measured, are s -edinFigure 
5. In Figure 4 it  can be seen that the maximum rate of 
FUDR cleavage took place a t  0.4 pmoles of FUDR per 
ml before there was a significant deviation from 
linearity, and this concentration was used throughout 
the study. In Figure 5 it is shown that a slight satura- 
tion occurred a t  1.0 mg of protein per ml, and so the 
concentration of protein was fixed a t  this level through- 
out. 

The stability of the nucleoside phosphorylase ac- 
tivity of the S3 fraction is shown in Figure 6. When 
the preparation was kept frozen a t  -lo", even after 
16 days 96% of the original activity was still present, 
although the extract rapidly lost activity if stored a t  
0". In practice, fresh enzyme preparations were made 
each week. 

The Degmdution of Some Pyrimidine Nucleoside 
Derivatives by the S3 Fraction of Ehrlich Ascites Cells.--- 
The specificity of the crude enzyme preparation from 
Ehrlich ascites cells was investigated by comparing 
the rates a t  which the S.1 fraction cleaved various 
nucleosides to the corresponding free -bases. As is 
shown by Figure 7, halogenation of the 5-position of 
UDR did not markedly affect the rate at which the 
nucleoside was cleaved by the S, fraction. In contrast, 
TDR was cleaved a t  half the rate of UDR. 

( b )  
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TABLE I 
THE DEGRADATION OF NUCLEOSIDES TO FREE BASE BY THE 

Sa FRACTION OF EHRLICH ASCITES CELLS 
The Enzyme activity was assayed by the standard optical 
method, described in the Experimental section. The 
incubation time was 20 minutes. 

Amt. Substrate 
Degraded to 

Free Base 
(pmoles 'mg 

Substrate pH protein/20 min.) 

FUDR 
FUDR 
UDR 
UDR 
FUR 
FUR 
UR 
UR 
@-D-Arabinosyl-5-fluorouracil 
3 '-Monoacetyl-FUDR 
3',5 '-Diacetyl-FUDR 
3',5'-Diacetyl-FUDR 
3',5'-Dipropionyl-FUDR 
5-Fluoro-6-methoxy-5,6-di- 

hydro-2 '-deoxyuridinea 
5-Bromo-5-fluoro-6-methoxy- 

5,6-dihydro-2 '-deoxy- 
uridine. 

TDR 
1- [trans-3-hydroxy-4-&- 

(hydroxymethy1)cyclo- 
pentyl ]thymine 

6-Azathymidine 
6-Azauridine 

6.4 
7.4 
6 .4  
7.4 
6 . 4  
7 .4  
6 .4  
7.4 
7 . 4  
6 . 4  
6 . 4  
7 . 4  
6 . 4  
6 .4  

6 . 4  

6 . 4  
6 . 4  

6 .4  
6 .4  

0.340 
0.216 
0.328 
0.210 
0.238 
0.287 
0,303 
0.385 
0.072 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

0.158 
0.00 

0.00 
0.00 

Before determination of the OD 290 '260 ratios for 
these compounds, after being adjusted to pH 12 the samples 
taken were incubated overnight a t  37'. Under these con- 
ditions, the compounds are degraded to FUDR (personal 
communication from Dr. Robert Duschinsky) . Standard 
curve8 for mixture of the compounds and FU were deter- 
mined in parallel. 

The reults from experiments with other nucleosides 
are summarized in Table I. It can be Seen that 
FUDR was degraded a t  a slightly faster rate than 
UDR a t  both pH 6.4, and 7.4 whereas UR was cleaved 
much more rapidly than FUR at both pH levels. p-D- 
Arabinosyl-5-fluorouracil was degraded by the Sa 
fraction, but a t  a much slower rate than FUR. 3'- 
Monoacetyl - 3',5' - diacetyl- and 3',5' - dipropionyl- 
FUDR, 5 - fluoro - 6 - methoxy - 5,6 - dihydro - 2'- 
deoxyuridine, and 5 - bromo - 5 - fluor0 - 6 - methoxy- 
5,6 - dihydro - 2' - deoxyuridine were not cleaved to 
FU by the SS fraction to a detectable extent. Also, 
neither 1 - [trans - 3 - hydroxy - cis - 4 - (hydroxy- 
methyl) cyclopentyl] thymine nor 6-amthymidine was 
degraded, although TDR was readily cleaved by the 
S3 fraction. Similarly, 6-azauridine was not cleaved, 
although UR was degraded very rapidly by the S3 
fraction. 

Finally, the stereospecificity of the nucleoside phos- 
phorylase activity of the S3 fraction was clearly demon- 
strated when the Sa fraction was found to be completely 
inactive toward a-FUDR (Figure 7) .  

The action of the S3 fraction of Ehrlich ascites cells 
on various derivatives of the 5 '-mononucleotide, 
FUDRP, is shown in Table 11. As the degradation of 
these coxpounds results in more than one ultraviolet- 
absorbkg product, assay of the rates of degradation 
to the various products was not possible with the 
optical method. However, since the ultraviolet spec- 
tra of these nucleotides a t  pH 12 were not signscantly 
different from that of FUDR (Remy et al., 1962), the 

EFFECT OF FUDR CONCENlTATION 
ON THE RATE OF FUDR DEGRARATON 

0.2 0.4 0.6 0.8 1.0 1.2 
CONCENTRATION OF FUDR 

Cp MOLES/m I. 1 

FIG. 4.-The effect of FUDR concentration on the rate 
of degradation of FUDR. The enzyme activity of the Sa 
fraction was assayed by the standard optical method, de- 
scribed in the Experimental Section, except that various 
concentrations of FUDR were used. The incubation time 
was 20 minutes. 

EFFECT OF PROTEIN 
CONCENTRATION ON THE 

RATE OF FUDR DEGRADATION 

1.0 2.0 3.0 4.0 
PROTEIN CONCENTRATION 

( mq/m I .  ) 

FIG. 5.-The effect of protein concentration on the rate 
of degradation of FUDR. The enzyme activity of the Sa 
fraction was assayed by the standard optical method, de- 
scribed in the Experimental Section, except that various 
amounts of the Sz fraction were added. The incubation 
time was 20 minutes. 

STORED FROZEN 
(-1OOC.) 

60 - 
O Z  !To I 

I I I I 
4 8 12 ',$ 

DAYS AFTER PREPARATON 

FIG. 6.-The stability of the FUDR phosphorylase activ- 
ity in the S1 fraction of Ehrlich ascites cells. The enzyme 
activity was assayed by the standard optical method, as 
described in the Experimental Section. The incubation 
time was 20 minutes. 
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DEGRADATION OF DEOXYURIDINE 
DERIVATIVES BY THE S3 FRACTION 

TIME (MINUTES) 
FIG. 7. -The degradation of UDR and 5-substituted 

derivatives of UDR by the Si fraction of Ehrlich ascites 
cells with time. The enzyme activity was assayed by the 
standard optical method, described in the Experimental 
Section. 

optical method enabled estimates to be made of the 
rates a t  which the S, fraction degraded the nucleotides 
to FU as compared with FUDR. Table I1 shows that 
FUDRP was degraded to FU very much more slowly 
than FUDR, indicating that dephosphorylation is 
probably required as the initial step in the degradation 
of the nucleotide. Esterification of the 5’-phosphate 
with diethyl or N,N-diethylaminoethyl groups inhib- 
ited the dephosphorylation. The nucleotide was not 
cleaved when the 5‘-phosphate was esterified with the 
3’-hydroxyl of a-FUDR (a,@-DNMP ), although the 
&@-isomer of this compound was cleaved a t  the same 
rate as FUDRP. 

( c )  The Degradation of F U D R ,  3’-Monoacetyl- 
F U D R ,  and 3’,5’-Diacetyl-FUDR.--- A survey of the 
FUDR phosphorylase content of a number of tissues, 
the results of which are summarized in Table 111, 
showed that FUDR is rapidly cleaved by the S3 frac- 
tions of a variety of tissues. Considerably more 
FUDR phosphorylase activity per mg of S, fraction 
protein was obtained from Ehrlich ascites cells than 
from mouse or rat liver. The S., fractions from nor- 
mal human gastric mucosa, spleen, and liver cleaved 
FUDR rapidly, as did all the human tumors studied; 
on the other hand, human serum appeared to be 
totally lacking in FUDR phosphorylase activity. 

Table I11 also shows that the S3 fractions of these 
tissues degraded the acetylated derivatives of FUDR 
only very slowly, if a t  all. However, 3‘,5’diacetyl- 
FUDR was degraded slowly to FU by a homogenate 

TABLE I1 
THE DEGRADATION OF S O M E  NUC1,EOTIDE DERIVATIVES OF 
FUDR RY THE s., FRACTION OF EHRLICH ASCITES CELLS 
The enzyme activity was assayed by the standard optical 
method, described in the Experimental section. The 
incubation time was 20 minutes. 

~~ ___ ~ - - 

Amt. Substrate 
Degraded to 

Substrate F U  in 20 min.” 

FUDK 100 
FUDRP 10 
Diethyl-FUDRP 0 
N.N-diethylaminoethy I-FlJDRP 0 
d,p-DNMP 10 
<r,b-DNMP 0 

‘2 Estimated as a percentage of the amount of FUDR 
degraded under the same cwnditions (FUDR = 100). 

TABLE 111 
THE DEGRADATION OF FUDR, 3’-MONOACETYLFUDR, 
ANI) ~’,~’-DIACETYLFUDR BY THE Sa FRACTION OF 

VARIOUS Tissues 
The enzyme activity was assayed by the standard optical 
method, as described in the Experimental section. The 
incubation time was 20 minutes. 

Amt. Substrate Degraded 
to FU (pmoles/mg 
protein/20 min.) 

3 I -  

Pre- Mono- 3’,5’-Di- 
incuba- acetyl- acetyl- 

Tissue tion‘l FUDR FUDR FUDR 

Ehrlich ascites cells - 0.340 0.00 0.00 
Ehrlich ascites cells + 0.400 0.00 0.010 
Mouse liver - 0.166 0.00 0.00 
Mouse liver + 0.183 0.119 0.083 
Hat liver - 0.072 0.00 0.00 
Rat liver + 0.080 0.070 0.024 
Human Serum - 0.00 - 0.00 
Human gastric - 0.260 - 0.00 

Human spleen - 0.370 - 0.00 
mucosa 

Human liver - 0.280 0.010 0.00 
Human liver + 0.280 0.220 0.060 
Human adenocarci- - 0.220 - 0.008 

noma of stomach 

cell carcinomah 
- Human squamous - 0,229 - 

- Human rectal polyp* - 0.220 - 
Human reticulosar- - 0.100 - 0.00 

coma 

‘I Preincubation: Substrate and buffer were incubated 
with the particulate fraction (1.0 mg of protein) at 37” for 
one hour; the Sa fraction was then added and incubation 
continued for 20 minutes. In  these cases, homogenized 
tissue was used in place of the S3 fraction. 

of m o w  liver, which suggests that the deacetyiase 
activity was associated with a particulate fraction 
rather than the Sa fraction. When 3’-monoacetyl- 
FUDR and 3’,5’diacetyl-FUDR were incubated with 
the S3 fraction of m o m  liver after preincubation for 1 
hour with the particulate fraction of the liver, both 
derivatives were degraded rapidly to FU (Table 111). 
The particulate fraction alone did not degrade the 
acetylated derivatives to FU to any significant extent. 
Simiir  results were obtained with both rat and human 
liver (Table 111). Under the same conditions, Ehrlich 
ascites cells degraded acetylated FUDR a t  an extremely 
low, although siccant, rate. 

A detailed study of the rates at which human liver 
preparations degraded FUDR, 3‘-monoacetyl-, and 
3’,5‘diacetyl-FUDR c o n h e d  that the deacetylase 
activity of human liver was in the particulate fraction 
(Fig. 8). Figure 8 also shows that 3’-monoacetyl- 
FUDR was cleaved much more rapidly than 3’3 - 
diacetyl-FUDR, which suggests that the 5’acetyl 
group is the more resistant to hydrolysis. In addition, 
it can be Seen that, even after preincubation with 
the particulate fraction, 3‘-monoacetyl-FUDR was 
cleaved to Fu a t  a slower rate than FUDR; this indi- 
cates that the deacetylation is rate limiting. 

Entirely similar results were obtained with mouse 
and rat liver. 

t d ~  Inhibition of the FUDR Phosphorylase Actwity 
of Ehdich Ascites Cells-A variety of compounds was 
screened for their ability to inhibit the degradation 
of FUDR by the nucleoside phosphorylase of the Ss 
fraction of Ehrlich ascites cells. The results are sum- 
marized in Table IV. It can be Seen that an equimolar 
concentration of a number of compounds inhibited 
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TABLE IV 
INHIBITION OF THE DECRADATION OF FUDR BY THE S, 

FRACTION OF EHRLICH ASCITES CELIS 
The FUDR phosphorylase activity, in the presence of the 
inhibitors, was assayed by the isotopic method described 
in the Experimental section. The concentration of FUDR 
was 0.4 pmole,’ml. 

Percentage Inhibition 
by 

0.4 0.8 
Inhibitor pmole/ml. pmole/ml. 

UR 
UDR 
6-AZauracil 
6-Azathymine 
5-Hydroxymethyluracil 
CAzauridine 
1- [ tm~~-3-hydm~y-~is-4-  

(hydmxymethyl) cyclo- 
pentyl ]thymine 

a-FUDR 
~-D-Arabinosyl-5-fluorouracil 
3‘-Monoacetyl-FUDR 
3‘,5 ’-Diacetyl-FUDR 
3’,5 ’-Dipropionyl-FUDR 
5-Fluoro-6-methoxy-5,6-di- 

hydro-2 ‘-deoxyuridine 
5-Bromo-5-fluoro-6-methoxy- 

5,6--dihydr0-2 ’-deoxy- 
uridine 

FUDRP 
N,N-Diethylaminoethyl- 

Diethyl-FUDRP 
FUDRP 

39 
7 
0 

15 
11 
6 
4 

0 
9 
0 
0 

0 
- 

0 

0 
0 

15 

50 
14 
10 
23 

- 
12 

0 
- 
- 
14 
17 
0 

7 

the degradation of FUDR to a small extent. A very 
small effect only was observed with 6-azauracil, al- 
though significant inhibition was obtained with 6- 
amthymine. 6-Azauridine did not inhibit the degra- 
dation of either F’UDR or FUR. 3’-Monoacetyl- 
FUDR did not inhibit the cleavage of FUDR, but both 
3’,5’-diacetyl-FUDR and 3’,5’-dipropionyl-FUDR in- 
inhibited to a small extent. The stereoisomer, a- 
FUDR, was totally inactive. Of the nucleotide de- 
rivatives, only diethyl-FWDRP inhibited the phos- 
phorolysis of FUDR, and that only slightly. On 
the other hand, UR inhibited the degradation of 
FUDR very strongly, although UDR showed only 
weak inhibitory activity. This result is in agreement 
with the observation of Pontis et d. (1961), who 
showed that UR is a competitive inhibitor of UDR 
phosphorylase. 

The inhibitory effeds of several compounds a t  
various concentrations were investigated, and the 
results are shown in Figure 9. It can be seen that, 
compared to the other compounds, both FUR and UR 
strongly inhibited the degradation of FUDR to FU. 
&Amthymidine proved to be a poor inhibitor of the 
degradation, as did UDR except, as was expected, a t  
high concentrations. T h e  end-product of the reaction, 
FTJ, was found to be a relatively potent inhibitor, 
particularly a t  high concentrations; a 10-fold molar 
excess of FU inhibited the degradation of FUDR to 
the extent of 65 7%. 

The kinetics of the inhibition of FUDR phosphoroly- 
sis by UR were studied and the Lineweaver-Burk plot 
( h e w = .  er and Burk, 1934,, shown in Figure 10, 
clearly hmonstrated that the inhibition is competitive. 
From these data, it was calculated that the Michaelis 
constant (K,)  for FUDR phosphorylase in the crude 
extract was 1.77 x lo-.‘ M; similarly, the inhibitor 
constant ( K , )  for UR was found to be 7.0 x 10-4 M. 

___---- 

0 IO 20 30 40 50 60 
TIME (MINUTES) 

60 

FIG. 8.-The degradation of FUDR, 3’-monoacetyl- 
FUDR, and 3’,5’-diacetyl~FUDR by human liver. The 
substrate (1.6 pmoles) and phosphate buffer (300 pmoles, 
pH 6.4), either alone (-- ) or in the presence of the 
particulate fraction (1.0 mg of protein) from human liver 
(- - - -)  , were incubated for one hour a t  37’. Then the Si, 
fraction (1.0 mg of protein) of the liver was added and incu- 
bation continued a t  37”. A control, in which buffer was 
added in place of the S3 fraction (.--.), was incubated in 
parallel. Samples were removed a t  zero, 10, 20, and 60 
minutes, and the activity of the enzyme preparation was 
measured by the optical method, described in the Experi- 
mental Section. 

INHIBITION OF FUDR DEGRADATION BY M E  
Sx FRACTION OF EHRLICH ASCITES CELLS 

FIG. 9.-Inhibition of the FUDR phosphorylase activity 
of the S,  fraction of Ehrlich ascites cells. The enzyme 
activity, in the presence of various concentrations (from 0 to 
4.0 pmoles/ml) of the inhibitors, was assayed by the isotopic 
method described in the Experimental Section. The incuba- 
tion time was 20 minutes. 

DISCUSSION 

In the present study, the S3 fraction of Ehrlich as- 
cites carcinoma cells was used as the source of nucleo- 
side phosphorylase without further purification, since 
our primary interest in FUDR is as a clinical carcino- 
s j t i c  agent. Thus we felt that it was desirable to 
study the phosphorolysis of FUDR in a cell-free system 
under conditions closer to those pertaining in vivo 
than could be realized with a purified enzyme prepara- 
tion, such as was used by Skold (1960~) and Pontis 
et al. (1961). Furthermore, the use of the Sa fraction 
rather than whole cells obviated the possibility that 
the significance of the observations might have been 
obscured by cell membrane permeability effects such 
as those observed recently by Jacquez (1962). 
FUDR is rapidly degraded to FU by a large variety 

of human tissues, including tumors. Thus, inhibition 
of this degradation would be of prime importance in 
attempts to improve the chemotherapeutic effectiveness 
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of FUDR. One method of inhibiting the degradation 
of FUDR is by modifying the molecule chemically 
such as was done by Remy et al. (1962). Variations 
in the structure of either the pyrimidine ring or the 
sugar moiety of the nucleosides markedly decreased 
their rates of degradation to the free base by nucleoside 
phosphorylase. Similarly, many of the derivatives of 
FUDR synthesized by Remy et al. (19621 resisted 
degradation to FU by the S3 fraction of Ehrlich ascites 
cells. However, Mukherjee and Heidelberger (1962) 
found that none of these compounds was as effective 
as FUDR in inhibiting the incorporation of formate- 
C14 into the DNA-thymine of Ehrlich ascites cells, 
which is an indicator of chemotherapeutic efficacy. 

Although both 3’-monoacetyl-FUDR and 3’,5’- 
diacetyl-FUDR are very slowly degraded to FU by 
Ehrlich ascites cells, Mukherjee and Heidelberger 
(1962) found that, compared with FUDR, both of 
these derivatives are extremely weak inhibitors of the 
in vitro incorporation of formate-C14 into the DNA- 
thymine of these tumor cells. This apparent anomaly 
is explained by the observation that Ehrlich ascites 
cells contain a very low level of deacetylase activity. 
Thus, the rate-limiting step in the degradation of the 
acetyl derivatives of FUDR is the deacetylation reac- 
tion(s), with, consequently, immediate cleavage of the 
resulting FUDR to FU. However, in vivo, the acetyl 
derivatives of FUDR are probably deacetylated in 
the liver, since human, rat and mouse liver were 
found to hydrolyze 3’-monoacetyl-FUDR and 3 ’3  ’- 
diacetyl-FUDR to the nucleoside. 

A second method of inhibiting the degradation of 
FUDR would be the inhibition of FUDR phosphory- 
lase by another substrate. 6-Azauracil and 6-azathy- 
mine have some affinity for nucleoside phosphorylase, 
since, under the influence of a purified nucleoside 
phosphorylase preparation, 6-azauracil reacts with 
ribose-1-phosphate to form 6-azauridine and 6-azathy- 
mine with deoxyribose-1-phosphate to form 6-azathy- 
midine (Pontis et al., 1961). 6-Azauridine and 6- 
azathymidine were also of interest, since neither was 
cleaved by nucleoside phosphorylase. S imi i ly ,  the 
effect on the phosphorolysis of FUDR was studied 
with a number of compounds (Remy et at., 1962) not 
rapidly degraded by the Sa fraction of Ehrlich ascites 
cells, but possibly having some affinity for nucleoside 
phosphorylare by virtue of their relationship to FUDR. 

However, none of these compounds inhibited the 
degradation of FUDR to a significant extent. 

The effect of UDR, UR, FU and FUR on the cleavage 
of FUDR to FU was studied, since UDR phosphorylase 
is inhibited by FU, FUDR (Skold, 196Oc) and UR 
(Pontis et al., 1961). Although FUR inhibited the 
phosphorolysis of FUDR to a significant extent, the 
compound was not investigated further, since the 
use of FUR in chemotherapy is impossible because 
of the extreme toxicity of the drug. Since the ratio 
of K,:Ki for the inhibition by UR was found to be 
2.5:1, U R ,  although the most active of the compounds 
studied, excepting FUR, is not a potent inhibitor of 
the reaction. However, UR is not toxic to mammals 
and, hence, it seemed possible that administration of 
UR in large excess simultaneously with FUDR might 
increase the chemotherapeutic effectiveness of FUDR 
in vivo. However, when administered to mice, large 
doses of UR caused a marked increase in the toxicity 
of FUDR. This results, presumably, from the satura- 
tion of the degradative pathway by uracil, formed 
from UR by UR phosphorylase, and the consequent 
inability to degrade and thus detoxify FU formed 
from the FUDR. 

The present study has enabled the characteristics 
of the nucleoside phosphorylase activity of Ehrlich 
ascites cells toward FUDR to be elucidated. However, 
all attempts to improve the carcinostatic effectiveness 
of FUDR by inhibiting the degradation of the drug 
have, thus far, proved unsuccessful. 
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