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SUMMARY 

E s c h e r i c h i a  coli  resistant to growth inhibition by 5-fluorouracil has lost th(, capaci ty 
to form 5'-ribonucleotide derivatives of uracil and 5-fluorouracil. Enzyme  preparations 
from the resistant E .  coli  cells failed to catalyze the reactions of uracil and 5-fluoro- 
uracil with 5-phosphoribosyl-I-pyrophosphate ,  whereas similar enzvme preparations 
from the parent  drug-sensitive E .  col i  did catalyze these reactions. 

These findings suggest that  one mechanism of resistance to 5-fluorouracil, at 
least in the case of the highly resistant bacterial cells studied, is of the same type 
previously shown to exist for 8-azaguanine and 6-mereaptopur ine--namely,  failure 
to form fraudulent ribonucleotide derivatives from the corresponding base. 

INTRODUCTION 

Presently available evidence shows that  a major  biosynthetic pa thway  by which 
purine bases are converted to ribonucleotides is by  reaction with 5-phosphoribosyl- 
I -pyrophosphate  (PRPP) 1,2. WAY AN'D PARKS a,l have shown that  purine analogs, 
such as 8-azaguanine, 0-mercaptopurine and p y r a z o l o ( 3 , 4 - d ) p y r i m i d i n e s ,  react with 
P R P P  in the presence of enzymes from mammal ian  liver to yield fraudulent purine 
ribonucleotides. LUKENS AND HERRINGTON 5 have also studied the enzyme-catalyzed 
reaction of 6-mereaptopurine with P R P P .  

In  a comparison of the metabolism of purine analogs by actively growing 
bacterial and neoplastic cells tha t  were sensitive or resistant to 8-azaguanine and 
6-mercaptopurine,  it was observed tha t  the drug-resistant cells failed to form signif- 
icant amounts  of ribonucleotide derivatives of these analogs as compared to the 
drug-sensitive cells 6,v. I t  has also been demonstra ted tha t  enzyme preparations from 
drug-resistant bacterial and neoplastic cells lack the capaci ty to catalyze the reaction 
of certain of the purines and of the relevant purine analogs with P R P P  to yield ribo- 
nucleotidesS,'% On the basis of these findings, it was postulated that  fraudulent purine 
ribonucleotides, such as 8-azaguanylic acid and 6-mercaptopurine ribonueleotide or 

Abbreviations : U, uracil; UMP, uridine-5'-monophosphate; UDP, uridine-5'-diphosphate; 
UTP. uridine-5'-triphosphate; UDPG, uridine-5'-diphosphate glucose; UDPAG, uridine-5'-di- 
phosphate-N-acetylglucosamine; 5-fluorouracil analogs are abbreviated as FU, etc.; CMP, 
cytidine-5'-monophosphate ; C])P, cytidine-5'-diphosphate ; CTP, cytidine-5'-trJphosphate ; PRPP, 
5_phosphoribosyl-i-pyrophosphate; Tris, tris(hydroxymethyl)aminomethane-11('1 buffer. 

* Affiliated with Sloan-t(ettering Institute for Cancer Research, New Y~wk. 
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derivatives of these compounds, were active inhibitors and that one mechanism of 
resistance to these analogs was the deletion or inactivation of enzymes catalyzing the 
lethal synthesis of these fraudulent ribonucleotides. 

I t  was considered of interest to extend this work to include studies of resistance 
to pyrimidine analogs. I t  has been demonstrated that pyrimidine nucleotides are 
formed from orotidylic acid following the condensation of orotic acid with PRPP 1°. 
Recently CRAWFORD et at. 11 and CANELLAKIS TM have shown that uridine-5'-phosphate 
can be formed by direct condensation of uracil with PRPP and that the enzyme 
catalyzing this reaction is distinct from orotidylic acid pyrophosphorylase 11. This 
route of uridylic acid synthesis is distinct from the uracil to uridine TM, 14 and uridine 
to uridylic acid TM pathway demonstrated in bacterial and mammalian cells and 
recently investigated by REICHARD AND SKOLD 15 in ascites tumor cells. 

In the light of these findings, we were led to study the metabolism of uracil and 
5-fluorouracil in bacteria that are sensitive or resistant to 5-fluorouracil, a compound 
which possesses interesting anticancer and antibacterial activities 16,17 

METHODS 

Materials 

The 5-fluoropyrimidine derivatives used in this study were obtained from 
Hoffmann-LaRoche Inc., Nutley, N.J.,  through the generosity of Dr. ROBERT 
DUSCHINSKY. E2-14C]Uracil (2 mC/mmole) and 5-~2-1*C~fluorouracil (2.5 mC/mmole) 
were purchased from Isotopes Specialties Company, Burbank, Calif. Pyrimidine 
nucleosides and nucleotides, UDPG, and the magnesium salt of P RP P  were purchased 
from Pabst Laboratories, Milwaukee, Wisc. A sample of uridine diphosphate N-acetyl- 
glucosamine was obtained from Dr. ELIZABETH S. MAXWELL, National Institutes of 
Health, Bethesda, Md. 

Microorganisms 

Escherichia coli (American Type Culture Collection 9637) was the parent drug- 
sensitive organism from which a 5-fluorouracil-resistant strain, designated E. coli/FU, 
was isolated by serial transfer in minimal medium TM containing increasing concentra- 
tions of 5-fluorouracil. The resistant organism used in this study reached maximum 
growth comparable to that of the parent strain on overnight incubation at 37 ° in 
medium containing 5-fluorouracil (IOOO ~g/ml; 7.6 tzmoles/ml). It  was observed that 
growth of the parent E. coli 9637 was completely inhibited by I.O/~g/ml (0.007 
tzmoles/ml) of 5-fluoronracil. 

In the growth inhibition studies with 5-fluoropyrimidines (Table I), solutions of 
the compounds were sterilized by filtration and added aseptically to tubes of minimal 
medium TM. Growth was measured by optical density determinations at 660 mt~ in 
the Bausch and Lomb Spectronic 20 photoelectric colorimeter. 

Pyrimidine metabolism 

The intermediary metabolism of E2-14C]uracil and 5-E2-x4c]fluorouracil was 
studied in exponentially growing cultures of E. coli 9637 and E. coli/FU. A standard 
inoculum was prepared from i8-h cultures of saline-washed cells. The initial optical 
density of the medium was adjusted to approximately 0.2. The inoculated medium 
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T A B L E  I 

E F F E C T  OF 5 - F L U O R O P Y R I M I D I N E S  A N D  D E R I V A T I V E S  ON T H E  G R O W T H  OF D R U G - S E N S I T I V E  

A.ND DRUG-RESISTANT Escherichia  coli * 

Concentration ]or 5 ° % inhibition 
Inhibitor ( ixmoles /mO Cross resistance 

. . . . . . . . . . . . .  index** 
E. coli 9637 E. co l i ,FU 

5 - F l u o r o u r a c i l  o .oo 5 ~ 5.0 ~ l ooo .o  
5 - F l u o r o u r i d i n e  0 .005 ~ ~.o ~ 200.0 
5 - F l u o r o - 2 ' - d e o x y u r i d i n e  0 .006 o. i 10.5 
5 - F l u o r o c y t o s i n e  2. ~ ~* 5 .o > -' .4 
5 ~ F l u o r o c y t i d i n e  0 .o04 ~-  l .o  ~ 25o.o 
5 - F l u o r o - 2 ' - d e o x y c y t i d i n e  o.oo 7 i .o ~ 43.o 
5 . -F luoro6ro t ic  ac id  0.07 o.8 i i. 4 

* G r o w t h  a f t e r  16 h i n c u b a t i o n  a t  37 '' was  m e a s u r e d  in t h e  B a u s c h  a n d  l . o m b  S p e c t r o n i c  2o 
as  o p t i c a l  d e n s i t y  a t  660 m/~. 

D ,o ** Cross  r e s i s t a n c e  i n d e x  .... c o n c e n t r a t i o n  of  i n h i b i t o r  for -o ' i n h i b i t i o n  ~)f t,2. co l i /FU.  
c o n c e n t r a t i o n  of i n h i b i t o r  for  .~-o o<o i n h i b i t i o n  (,f E.  coli 9637.  

was then divided into 65-ml portions in 300 ml Erlenmeyer flasks fitted with 
18 ( 16o mm culture tubes by means of a ground-glass joint. The flasks, which were 
mechanically agitated in a water bath at 37 °, could be inverted and the optical density 
of the medium conveniently determined at intervals in order that growth curves 
could be plotted. The incubation flasks were fitted with sidearms to permit convenient 
addition of radioactive substrates and to admit air through sterile cotton plugs. 
After IiO min incubation of the cultures, the optical density approached o. 7 and 
radioactive substrates were added; maximum growth of control cultures (optical 
density of approximately I.O) was reached about 18o rain after inoculation under 
these conditions. The generation times of E. coli 9637 and of E. coli/FU were 5o min 
and 54min, respectively, under these experimental conditions. 15 Min after the 
radioactive substrates were added, growth was stopped by pouring the cultures on 
35 g of ice. Cells were removed by centrifugation and were then re-suspended in 
xo ml of ice water. The cell suspension was immediately poured into 4 ° ml of boiling 
ethanol and extracted for 5 min. Cell debris was removed by centrifugation ; the clear 
supernatant solution thus obtained was concentrated to a small volume by evapora- 
tion under reduced pressure and was then tyophilized. The residue was dissolved in 
approximately o.5 ml of water; the exact volume of water used was proportional to 
the optical density of the culture when it was poured on ice. In this manner comparable 
cell extracts were prepared for paper chromatography. The chromatographic-radio- 
autographic analysis of such extracts has been described 7,19. 

A study of the incorporation of ?2-14C]uracil and of 5-~2-t4C~fluorouracil into 
the nucleic acids of E. coli 9637 and of E. coli/FU was made. To 5oo ml cultures of 
bacteria incubated at 37 ° in a shaking incubator was added 8.75/zC of radioactive 
substrate. When maximum growth was reached approximately 4 h later the cells 
were separated by centrifugation and extracted with hot aqueous ethanol as described 
above. The cell debris served as the starting point for the isolation of the nucleic acid 
by procedures previously described 7. Specific activities (#C/xoo ~g) of the combined 
nucleic acid (RNA ~' DNA) thus obtained were determined by evaporating solutions 
of nucleic acid on planchets and counting in gas flow proportional c(mnters (Table II). 
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TABLE II 

INCORPORATION OF [2-14C]URAClL AND 5-[2-MC]FLUOROUR&CIL INTO THE 
NUCLEIC ACID OF E$c~8~'ich~,~ coli 

Combined S#eci~c ac~vity o! n ~ i c  avid** 
nucleic avids* (counCs/sexlzoo Izg) 

from: [2 ~,C]Uraci I 5.[e.l~C]Fluorouraci I 

E. coli 9637 348 287 
E. coli/FU ~ I ~ I 

" Combined nucleic acids (CNA) = RNA + DNA. 
** Cultures of E. coli were incubated in the presence of the radioactive substrates for approx- 

imately 4 h. Alkaline hydrolysis of CNA followed by electrophoretic analysis of ribonucleotides 
demonstrated the presence in RNA of uridylic and cytidylic acids derived from [2-14C]uracil and 
of 5-fluorouridylic acid derived from 5-[2-14C]fluorouracil. 

Alkaline hydrolysates of nucleic acid were analyzed by paper electrophoresis in 
ammonium formate buffer (pH 3.5); radioactive pyrimidine ribonucleotides were 
detected by exposing the electrophoresis strips to X-ray film. 

E n z y m e  preparations 

Soluble enzyme preparations were made from cells harvested by centrifugation 
from 5oo-ml cultures of E. coli 9637 and E. coli/FU grown for 18 h at 37°; aeration 
of the cultures was provided by mechanical agitation. The cells were washed twice 
in physiological saline, suspended in IO ml of 0.2 M Tris buffer (pH 7.6) and then 
subjected to sonic vibration" at o ° for 5 min. The supernatant solution obtained 
after centrifugation of the resulting suspension at 25,000 × g for I h at 4 ° served as 
the soluble enzyme preparation. Protein content of such enzyme preparations was 
determined by the OYAMA-EAGLE modification 20 of the method of LOWRY et al. ~1 
using crystalline bovine albumin (Armour and Co.) as a reference s t anda rd" .  
Similar enzyme preparations in o.I M phosphate buffer (pH 7.2) were also made; 
these were comparable in activity to the Tris buffer preparations. After reaction of 
pyrimidines or purines with PRPP in the presence of the enzyme preparations the 
incubation medium was analyzed by paper chromatography to separate the pyrimidine 
or purine bases from the nucleotides. The % conversion of base to nucleotide was 
determined by eluting the radioactive compounds, evaporating the eluates on steel 
planchets, and quantitatively measuring the activity in internal gas-flow proportional 
counters. 

RESULTS 

Response of  E. coli 9637 and E. col i /FU to 5-fluoropyrimidine derivatives 

It  was observed that 5-fluorouracil, 5-fluorouridine, 5-fluoro-2'-deoxyuridine, 
5-fluorocytidine, and 5-fluoro-2'-deoxycytidine were completely inhibitory to the 
growth of E. coli 9637 at low concentrations (Table I). Higher levels of 5-fluoro6rotic 

* Raytheon 9-kc, 5o-W Magnetostriction Oscillator, Raytheon Corp., Waltham, Mass. 
**A Tris buffer blank was used in the protein determinations to compensate for the color 

developed by Tris with the reagents used. 
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acid were required for complete inhibition; 5-fluorocytosine was a poor growth 
inhibitor. Growth of the 5-fluorouracil-resistant organism (E. coli/FU) was inhibited 
by the other 5-fluoropyrimidine compounds at concentrations higher than those 
required to inhibit E. coli 9637 (Table I). I t  is of interest that  5-fluoro-2'-deoxyuridine 
proved to be the most effective inhibitor of E. coli,'FU in these experiments. 

Metabolism of [2-:4C!uracil and 5-'2-uCifluoro~tracil by sensitive and 5-fluorouracil- 
resistant microSrga~,zisms 

I t  was found that i2-:4Cluracil was extensively metabolized to nucleotide 
derivatives in 15 rain bv exponentially growing cultures of the parent drug-sensitive 
E. coli9637 but not by E. coli/FU (Fig. I). Similarly, 5-[2-1*C~fluorouracil was 
metabolized to nucleotide derivatives by sensitive but not by resistant cells (Fig. I). 
I t  was also observed that  E. coli 9637 incorporated significant amounts of !2J4CI- 
uracil and of 5-[2-:4C]fluorouracil into its nucleic acid (Table II).  Incorporation into 
RNA of ~2-1*Cluracil as uridylic and cytidylic acids and of 5-[2-:4Clfluorouracil as 
5-fluorouridylic acid was shown by electrophoretic analysis of alkaline hydrolysates 
of nucleic acid samples. No 5-fluorocytidylic acid could be detected. There was no 
significant incorporation of uracil or of 5-fluorouracil into the nucleic acids of E. coli/ 
FU (Table II). 

A comparison of the metabolism of i2-:4Cluracil and 5-[2-14Clfluorouraeil by 
exponentially growing Streptococcus faecalis that  are sensitive (SF/O), or resistant 
(SF/FU), to growth inhibition by  5-fluorouracil gave similar results. Thus, [2-14C1 - 
uracil and 5-[2-1aClfluorouracil were extensively metabolized to nucleotides by  SF/O 
but were not converted to nucleotide derivatives by SF/FU*. These results are 
analogous to those obtained in the study of resistance to 8-azaguanine and 6-mercap- 
topurineL 

The pyrimidine nucleotides were not adequately resolved by the two-dimensional 
chromatographic system used (phenol -wate r :u -bu tanol -prop ion ic  acid~water). 
However, one-dimensional chromatography of E. coli 9637 extracts in isobutyric 
acid-ammonium isobutyrate 22 or in e thanol-ammonium acetate 2a,24 showed a 
number of separate radioactive spots derived from either Z2-:4Cluracil or 5-I2-:4CI - 
fluorouracil. These derivatives behaved chromatographically like uracil, UMP, UDP, 
UTP, UDPG and UDPX, where X is probably N-acetylglucosamine (Fig. 2). In all 
cases the 5-fluorouraeil derivatives behaved chromatographically like those of uracil. 
Further evidence for the identity of the [2-:4Cluracil and 5-E2-'4C]fluorouracil 
derivatives was obtained by chemical and enzymic hydrolysis of the nucleotides. 
Hydrolysis by I N hydrochloric acid at 9 °o for 3o rain converted the di- and tri- 
phosphate derivatives (including the nucleoside diphosphate glycosyl derivatives) 
to compounds chromatographically identical with uridylic acid and 5-fluorouridylic 
acid. Intestinal phospha t~e  hydrolyzed urididylic and 5-fluorouridylic acids to the 
corresponding nucleosides. The radioactive nucleoside derived from UMP was iden- 
tified as [2J4C~uridine by  co-chromatography with uridine in several solvent systems 
and by co-electrophoresis with uridine in borate buffer. Similarly, 5-fluorouridine was 
identified as the radioactive nucleoside derived from FUMP. 

The compounds derived from I2-:4C~uracil and 5-!2-:4Clfluorouracil which 

* Unpublished observations, C. SPARKS, I ). STU'rTS and R. \~,'. t~ROCKMAN, Southern Research 
Institute. 

Biochim. Biophys~ ,4cta, 4 ° (196o) 22 -3" 



METABOLISM OF URACIL AND 5-FLUOROURACIL 2 7 

Fig. i. Metabolism of I2-14C]uracil and 5-[2-x4c]fluorouracil by 5-fluorouracil-sensitive (9637) 
and -resistant (FU) Escherichia coll. Extracts of cells were analyzed by paper chromatography in 
two dimensions: phenol-water (~--) followed by n-butanol-propionic acid-water (~'). Chromato- 
grams were exposed for 2 weeks to X-ray film (Eastman Kodak single-emulsion, blue-sensitive, 

14 × 17" ) to detect radioactive compounds. 

migra ted  like U D P G  were e lu ted  from the one-dimensional  ch romatogram developed  
in e t h a n o l - a m m o n i u m  ace ta te  (Fig. 2). Both  of these rad ioac t ive  der iva t ives  migra ted  
with  a known sample  of U D P G  upon co-chromatography  in e t h a n o l - a m m o n i u m  
aceta te .  

The rad ioac t ive  " U D P X "  and  " F U D P X "  der iva t ives  migra t ing  jus t  ahead 
of U D P G  upon ch roma tog raphy  in e t h a n o l - a m m o n i u m  ace ta te  (Fig. 2) are  p robab ly  
N-ace ty lg lucosamine  der ivat ives .  LELOIR et al. 2s, 24 r epor ted  t ha t  ur id ine  d iphospha te  

Biochim. Biophys. Acta, 4 ° (196o) 22-32 
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Fig. 2. Chromatographic-radioautographic analysis of extracts of E. coli 9~37 incubated with 
[2-14C]uracil (U-2-C 1~) or 5-12J4C]fluorouracil (5-FI;-2~C14). One-dimensional descending chromato- 
graphy using "Whatman No. 3 MM paper with isobutyric acid ammonium isobutyrate 2e or ethanol- 
ammonium acetate 23 resolved nucleotides and uridine diphosphate glycosyl derivatives. Dotted 

areas indicate the positions of u.v.-absorbing reference compounds. 

N-ace ty lg lucosamine  (UDPAG) migra tes  jus t  ahead of U D P G  in this  solvent  sys tem.  
The i den t i t y  of " U D P X "  and " F U D P X "  as N-ace ty lg lucosamine  der iva t ives  was 
confirmed b y  c h r o m a t o g r a p h y  of these rad ioac t ive  compounds  with UDPAG.  

A physicochemical effect of 5-guoro-substitution on uracil and its derivatives 

During  the course of work on the ident i f icat ion of metabol ic  der iva t ives  of uracil  
and  5-fluorouraeil,  i t  was observed t ha t  the  5-fluoro der iva t ives  of orotic acid, uracil ,  
ur id ine  and 2 ' -deoxyur id ine  migra ted  s ignif icant ly  more r ap id ly  upon high vol tage  
electrophoresis  25 t han  did the  corresponding unsubs t i t u t ed  pyr imid ine  der iva t ives  
(Table I I I ) .  The flluorinated der iva t ives  of cytosine,  however,  migra ted  ident ica l ly  
wi th  the  unsubs t i t u t ed  compounds.  These resul ts  suggest t ha t  the dissociat ion of 
the  hyd roxy l  group in the  4-posi t ion of the  pyr imid ine  ring is s ignif icant ly increased 
as a resul t  of the  influence of the fluorine subs t i tuen t  in the 5-position. CHAUDtIURI, 

MONTAG AND HEIDELBERGER z6 observed tha t  5-f luoro-subst i tu ted pyr imidines  were 
more acidic than  the corresponding pyr imidines  upon ion-exchange ch romatography .  
I t  is also of in teres t  t ha t  GINER-~OROLLA AND BENDICH 27 observed a marked  increase 
in the  acid s t rength  of 6-methylurac i l  upon rep lacement  of the hydrogen  a toms  of the  
me thy l  group by  fluorine atoms.  DAHL, WAX" AND PARKS 28 recent ly  observed t h a t  
orotic and  5-fluoro6rotic acids have  similar  Michaelis cons tants  when compared  as 
subs t ra tes  for yeas t  orot idyl ic  acid pyrophosphory lase .  These authors  also observed 
t ha t  the  p H  op t ima  for nucleot ide format ion  are s imilar  and tha t  5-fluoro6rotic acid 
reacts  abou t  twice as r ap id ly  as does orotic acid. The subs t i tu t ion  of the  fluorine a tom 
on the pyr imid ine  ring al ters  both  the  physico-chemical  propert i~s of the  molecule 
and the  ra te  of an enzvmc ca ta lyzed  reaction.  

13P~chiut. [~iophys. ~-lct~t, 4 ° (~96o) 22-32 
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TABLE III  

IgL]~CTROPHORETIC MIGR&TION OF P Y R I M I D I N E  DERIVATIVES" EFFECT OF 5 -FLUORO-SUBSTITUTION* 

Relative migration dis~nce o] #yrimidine de~oa~ives** 

Unsubstituttd 5-Fluovo.substitutcd 
compound compound 

Uracil 3 ° 82 
Uridine 66 85 
2'-Deoxyuridine 18 60 
Cytosine - -  5 - -  4 
Cytidine 46 42 
2'-Deoxycytidine - - I  2 - - I  2 
Orotic acid 97 I 13 

* Electrophoresis on Whatman No. 3 MM paper was carried out in apparatus similar to that 
described by MARKHAM ~5. Sodium tetraborate (o.o 5 M; pH 9) served as the buffer. 

** Relative migration distance migration distance (cm) of pyrimidine 
= X IOO 

migration distance (cm) of uridine-5'-phosphate 
Uridine-5'-phosphate generally moved 14 to i6 cm from the origin upon electrophoresis for 
9o min at 750 V. A negative sign indicates migration toward the cathode. The difference in migra- 
tion of the ribo- and deoxyribonucleosides is apparently due to the formation by the former of an 
ionized complex with borate through the 2",3'-cis-glycol structure~L 

Electrophoretic analysis of pyrimidine nucleoside derivatives 

The eleetrophoretic mobilities of the pyrimidine compounds and  the 5-fluoro- 
derivatives are given in Table II .  The separation of ribo- and deoxyribonucleosides ~9 
is apparent  and an effort was made to detect the presence of 5-fluoro-2'-deoxyuridine 
derivatives by  this means. All of the nucleotide derivatives eluted from the two- 
dimensional  chromatograms (Fig. I) were completely hydrolyzed to nucleoside de- 
r ivatives upon incubat ion  overnight at 37 ° with snake venom (Crotalus atrox)*. The 
nucleosides thus formed were subjected to paper electrophoresis in borate buffer. All 
of the radioact ivi ty  from 5-[2-1~C]fluorouracil was contained in 5-fluorouridine; most 
of the radioactive compounds derived from [2-14C]uracil were present as uridine 
after snake venom hydrolysis. No radioactive deoxyribonucleosides could be detected; 
no conversion of fluorinated pyrimidine derivatives to the corresponding pyrimidine 
derivatives was observed. I t  is possible tha t  the solvents used in two-dimensional  
chromatography may  have destroyed deoxyribonucleoside derivatives or tha t  the 
concentra t ions  of such derivatives formed during the i5 -min  incubat ion  of radio- 
active substrates  with exponent ial ly  growing E. coli 9637 were too low to be detected. 

Studies with enzyme preparations from drug-sensitive and -resistant E. coli 

The capacity of enzyme preparat ions from E. coli 9637 and E. coli/FU to catalyze 
the following reactions was studied:  

Pyrimidine 
Pyrimidine ~ ;* ribonucleotide 

+ Inorgamc 
+ PRPP + Enzyme phosphate 

Purine j "x Purine ribonucleotide 

The data  summarized in Table IV show that  uracil, 5-fluorouracil, orotic acid, and 
5-fluoro6rotic acid react with P R P P  in the presence of enzyme preparat ions from 

* Obtained from Ross Allen's Reptile Institute, Silver Springs, Florida. 
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E. coli 9637 to afford the corresponding ribonucleotides. Enzyme preparations from 
E. coli[FU failed to catalyze the formation of uridylic and 5-fluorouridylic acids, 
whereas orotidylic and 5-fluoro6rotidylic acids were formed in good yields. The 
conversion of purines to ribonucleotides, included as a reference reaction, took place 
equally well in the presence of enzyme preparations from E. coli 9637 or E. coli/FU. 

T A B L E  I V  

F O R M A T I O N  O F  R I B O N U C L E O T I D E S  B Y  R E A C T I O N  O F  P Y R I M I D I N E  A N D  P U R I N E  B A S E S  

W I T H  5 - P H O S P H O R I B O S Y L - I - P Y R O P H O S P H A T E  I N  T H E  P R E S E N C E  O F  E N Z Y M E S  

F R O M  E.  coli 9637 A N D  E.  c o l i / F U  

B Enzyme 
ase + P R P P  . . . .  "* Ribonucleotide" 

Biochemical reaction % conversion o[ base to nucleotide 

E. coli 9637 E. coli,FU 

U r a c i l  .... -+ U M P  11.7"* o 
5 - F l u o r o u r a c i l  - - - ~ -  5 - F U M P  i 2 .6"*  o 
Oro t i c  a c i d  - - - - +  O M P  53 .3"*  62. 
5 - F l u o r o 6 r o t i c  ac id  - -+  5 - F O M P  68 .7"*  92.6 
A d e n i n e  + A M P  33. i 36.3 
G u a n i n e  . . . . . . .  --+ G M P  4o.4 47.6 
H y p o x a n t h i n e  -----+ I M P  55.3 78-7 
X a n t h i n e  . . . .  -+ X M P  4oA 47.1  

* E x p e r i m e n t a l  c o n d i t i o n s :  B a s e  (0. 5 / , m o l e ;  0.2 i iC) ;  P R P P  ( i . o / * m o l e ) ;  e n z y m e  e q u i v a l e n t  
to  a p p r o x i m a t e l y  o. 3 m g  p r o t e i n ;  o . I  M Tr i s  bu f fe r  (pH 7.6) to  a v o l u m e  of ~ ml .  The  m i x t u r e  
w a s  i n c u b a t e d  for  i h a t  37 °. 

** T h e s e  f igures  a re  a v e r a g e  v a l u e s  f rom four  or m o r e  i n d e p e n d e n t  e x p e r i m e n t s .  O t h e r  d a t a  
a r e  b a s e d  on  r e s u l t s  of a s s a y  of t h e  c a t a l y t i c  a c t i v i t y  of a t  l e a s t  t w o  d i f f e r en t  e n z y m e  p r e p a r a t i o n s .  

DISCUSSION 

While the present study was in progress, REICHARD AND SKOLD 3° described the results 
of a comparison of the metabolism of uracil in sensitive and 5-fluorouracil-resistant 
Ehrlich ascites tumor cells. I t  was demonstrated that  the 5-fluorouracil-resistant 
Ehrlich ascites cells were unable to form 5'-ribonucleotide derivatives of uracil as a 
result of loss of uridine phosphorylase activity. Uridine kinase activity in the resistant 
cell line, although lowered, was significant. These results are consistent with the 
findings of H A N D S C H U M A C H E R  al recently reviewed by ~¢VELCH 32. 

From these results, it appears that  resistance to 5-fluorouracil can arise by 
deletion (or inactivation) of uridylic acid pyrophosphorylase, as in tile case of E. coli 
in the present stud?,, or by loss of uridine phosphorylase activity as in the case of 
Ehrlich ascites tumor cells 3°. I t  appears that  5-fluorouracil is metabolized by the same 
biosynthetic pathways as is uraciW, aa: 

5 - F l u o r o u r i d i n e  
7t  - , \  

/ "~ 7r 5 - F l u o r o - 2 ' - d e o x y -  
5 - F l u o r o u r a c i l  5 _ F l u o r o u r i d y l i  c -  u r i d y l i c  ac id  

~ ' . .  P R P P  S a c i d  \ \  . . / R N A  
~, ",,~ 5 _ F l u o r o u r l d m e  

D e g r a d a t i o n  +- d i p h o s p h a t e ~  
F r a u d u l e n t  

p r o d u c t s  +-I co - f ac to r s  

] P R P P  
5 - F l u o r o 6 r o t i c  ac id  -+ 5 - F l u o r o 6 r o t i d y l i c  a c i d  

]d ioch im .  B i o p h y s .  A eta,  4 ° (1960) ,'2 - 3-' 
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In studies with 5-fluorouracil, HEIDELBERGER et al. 16, 84 and EIDINOFF et al. 35 observed 
inhibition of the conversion of formate to the methyl group of thymine. COHEN et al. 1~ 

have shown that 5-fluoro-2'-deoxyuridylic acid specifically inhibits the synthesis of 
thymidylic acid in a strain of E.  coli ,  thus causing unbalanced growth. It is therefore 
understandable that failure to form 5-fluorouridylic acid and hence 5-fluoro-2'- 
deoxyuridylic acid from 5-fluorouracil would be an effective mechanism of resistance. 
In view of the multiple steps involved in uracil metabolism, multiple sites of inhibition 
by pyrimidine analogs 17, 33-4o and multiple mechanisms of resistance .1 to such analogs 
are possible. 
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S U M M A R Y  

A substance of lipid character, containing carbohydrate and phosphorus, which stimu- 
lates the incorporation of labelled amino acids in the protein of Ehrlich ascites cells, 
was found in animal tissues and egg yolk. The content of the tissues of tumour-bearing 
individuals was higher than that of the tissues of normal ones. Tile substance was 
obtained in crystalline form. 

INTRO1)UCTION 

In a recent paper the effect was described of homogenates of various rat tissues on 
the incorporation of labelled methionine into the proteins of Ehrlich ascites cells 
in vitro 1. It  was found that these preparations exhibit a stimulatory as well as an 
inhibitory effect on this process, depending on the dose used. It  seemed very probable 
that some substance present in the tissues might be responsible for these effects. 

Some indications do already exist that there may be factors in tissues capable 
of influencing the biosynthesis of proteins 2. Evidence was obtained 1 that tissues of 
tumour-bearing animals contain higher amounts of the active substance than those 
of normal ones. It  seems quite reasonable to suppose that these different quantities 
of a protein-synthesis-affecting material in various tissues may be connected in some 
way with the varying abilities of these tissues to incorporate labelled amino acids 
in  vitro. Such differences are known to exist between turnouts and corresponding 

Biodfim. Biophys.. . tcla, 4 ° ( i (~(~o1 3 2 4 2 


