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I. INTRODUCTION 

The key role of the nucleic acids in all living cells in the transfer of 
genetic information and in protein synthesis is generally recognized. This 
knowledge has led to interest in the structure and biosynthesis of these 
polymers and in the mechanisms of these template functions. Analogues 
of the purine and pyrimidine components of polynucleotides have aroused 
attention as potential inhibitors of these syntheses and functions as well 
as possible antagonists of nucleotide coenzymes in other areas of metab
olism. 

The pathways for the biosynthesis of pyrimidine nucleotides and for 
their utilization in nucleic acid synthesis have been described in several 
recent reviews (1, 2) as have the roles of these nucleotides in carbohydrate 
and lipid metabolism (3, 5). This will be briefly reviewed here since it is 
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now evident that many analogues of pyrimidine bases are converted to 
more complex derivatives along pathways similar to those by which the 
natural pyrimidines are metabolized (6-11). This chapter will give de
tailed consideration to such metabolism of the pyrimidine analogues and 
to some of the consequences of this metabolism; discussion of certain other 
inhibitors of pyrimidine biosynthesis and metabolism will also be included.* 

II. BIOSYNTHESIS AND METABOLIC FUNCTIONS OF PYRIMIDINE 

A. Biosynthesis of Pyrimidine Nucleotides 

The structures of the pyrimidine base components of nucleic acids are 
depicted in Fig. 1. Uracil and cytosine account for most of the pyrimidine 
content of RNA; lesser amounts of pseudouridine, thymine, and 5-methyl-
cytosine have also been isolated from RNA (12). Cytosine and thymine 
are the major pyrimidine bases of DNA. The D N A of the T-even bacteri
ophages of Escherichia coli is unique in containing 5-hydroxymethylcyto-

NUCLEOTIDES 
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Uraci l 5-Ribosyluracil 
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Cytosine 5-Methylcytosine 5 -Hydroxy me thylcytosine 

F I G . 1. Structures of pyrimidines occurring naturally in nucleic acids. 

* Abbreviations. The standard abbreviations of the Journal of Biological Chemistry 
are used with the following exceptions and additions: P R P P , 5-phosphoribosyl-l-pyro-
phosphate; O M P , orotidine-5'-phosphate; T M V , tobacco mosaic virus. 
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sine instead of cytosine; 5-methylcytosine has also been discovered in 
DNA from a variety of sources (13). 

1. De novo SYNTHESIS OF URIDINE-5'-PHOSPHATE 

In de novo synthesis of pyrimidines, orotic acid is derived from C02, 
N H 3, ATP, and aspartic acid through the intermediate formation of car-
bamyl phosphate, carbamylaspartic acid, and dihydroorotic acid (1, 2). 
Reaction of orotic acid with PRPP yields OMP; irreversible decarboxyla
tion of OMP yields UMP, which then occupies a key position in further 
interconversions of the pyrimidine nucleotides. 

Carbamyl phosphate + aspartate ;=± carbamylaspartate ^ ± dihydroorotate ;=± orotate (1) 

Alternate pathways for the synthesis of pyrimidines have been sug
gested. Uracil is degraded by the pathway outlined in Eq. 3, and thymine 
is similarly catabolized (1, 2, 14-17) : 

Reversal of this pathway per se does not appear to be a likely synthetic 
route since the equilibria predominantly favor degradation (1); however, 
the 5'-ribonucleotide derivatives of carbamyl-/3-alanine and of dihydro-
uracil were effective precursors of RNA (18), although not as well utilized 
as orotic acid (19). 

It has been suggested that β-methylaspartate, which can be formed 
enzymically by isomerization of glutamate in the presence of a Β ̂ -con
taining coenzyme (20), may serve as thymine precursor in certain micro
organisms (21). Woolley (22) has shown that 0-methylaspartate could 
act as an aspartate antagonist but that it did not meet the thymine re
quirement of E. coli 15T~. If β-methylaspartate were metabolized by a 
pathway analogous to that for aspartate, the product would be 5-methyl-
orotic acid, which was not, however, significantly incorporated into D N A 
thymine (23). 

2. UTILIZATION OF PREFORMED PYRIMIDINES 

Naturally occurring pyrimidine bases other than orotic acid probably 
arise in cells primarily from exogenous sources or by breakdown of the 
corresponding nucleotides. Kornberg (24) and Reichard (1) have consid
ered the utilization of preformed pyrimidine bases to be a "salvage" mech
anism of pyrimidine biosynthesis; it is evident in many cells, particularly 
during rapid growth, and may be called into use by excessive demand for 
nucleotide and nucleic acid synthesis. 

Orotate + P R P P ;=± O M P - > U M P (2) 

Uracil ;=± dihydrouracil i=± carbamyl-/3-alanine —* /3-alanine (3) 
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Uracil can be converted to UMP in two ways (1, 2). In certain micro
organisms uracil can react directly with PRPP : 

Uridylic acid 
pyrophosphorylase 

Uracil + P R P P > U M P + P P i (4) 

A second and more general mechanism appears to be the important one in 
mammalian cells and proceeds as follows: 

Uridine 
phosphorylase 

Uracil + ribose-l-phosphate ^ uridine + P i (5) 

Uridine kinase 
Uridine + A T P • U M P + A D P (6) 

Uridine phosphorylase and uridine kinase have been found to be widely 
distributed (1, 2, 25-80). In general, there was correlation between growth 
rate of tissues and activity of these enzymes (31), in line with the hypoth
esis that the salvage of uracil may help to meet an increased demand for 
nucleic acid pyrimidines in rapidly growing cells. Uracil can also be con
verted to dUMP by a similar series of reactions (29, 31) : 

Deoxyuridine 
phosphorylase 

Uracil + deoxyribose-l-phosphate ^~ ~ deoxyuridine + P i (7) 

Deoxyuridine kinase 
Deoxyuridine + A T P > d U M P + A D P (8) 

The activity of these two enzymes was also high in rapidly growing tis
sues (81). 

Uridine phosphorylase was also found to have activity for thymine 
ribonucleoside (82) but not for cytidine (26-28, 33), thymidine (27), 
orotidine (83), or purine ribonucleosides (33). There is no clear evidence 
for the existence of a cytidine phosphorylase with the possible exception 
of the findings of Lampen with a soil bacterium (34) ; anabolism of cyto
sine, other than by conversion to uracil, may be unimportant or even non
existent in mammalian systems, in line with the poor utilization of labeled 
cytosine for nucleic acid biosynthesis (2). In recent studies from Reichard's 
laboratory uridine phosphorylase and deoxyuridine phosphorylase activi
ties could, to some extent, be purified together from Ehrlich ascites cells; 
however, evidence from acid precipitation and from heat inactivation indi
cated two closely related proteins or possibly two different sites on one 
protein, one active for uridine and the other for deoxyuridine and proba
bly thymidine (32, 33, 85) (see also 27, 36). Separation of deoxyuridine 
and thymidine phosphorylases has not been observed, and these two ac
tivities may result from the action of a single enzyme (36-40) ; this enzyme 
was apparently inactive for deoxycytidine (36-38, 40), for purine deoxy-
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ribosides (36), and for conversion of 5-methylcytosine or orotic acid to 
deoxyribosides (37, 38). When purified from E. coli it was also inactive for 
ribonucleosides (36). However, thymidine phosphorylase from horse liver 
formed both the ribo- and deoxyribonucleosides of 2-thiouracil (89) and 
slowly produced ribonucleosides of uracil and thymine (38); this incom
plete separation of the two activities is similar to the picture with the 
Ehrlich ascites enzyme (s). 

Partially purified uridine kinase was without activity for deoxyuridine 
( 3 0 ) ; cytidine, however, did serve as susbtrate. Thymidine, deoxy cytidine, 
and other deoxyribonucleosides may, perhaps, be acted on by deoxyuri
dine kinase, but this specificity has not been explored with the purified 
enzyme. 

3. INTERCONVERSIONS OF PYRIMIDINE NUCLEOTIDES 

In both microorganisms and mammalian cells UMP and CMP are 
further phosphorylated to di- and triphosphates by the action of sequen
tial kinases (1,2): 

U M P (or C M P ) + A T P - > U D P (or C D P ) + A D P (9) 

U D P (or C D P ) + A T P - > U T P (or C T P ) + A D P (10 ) 

CTP is also derived from UTP by amination. Glutamine served as 
amino donor in mammalian enzyme systems, and guanosine nucleotides 
stimulated the reaction (41)' 

ATP, M g

++ 

U T P + glutamine > C T P ( 1 1 ) 
(GTP) 

Similar results have recently been obtained with an enzyme system from 
E. coli; depending on conditions in the preparation, ammonia could par
tially replace glutamine in this system, but the presence of guanosine 
nucleotides stimulated the use of glutamine (42). Earlier observations had 
indicated that an E. coli enzyme used ammonia but not glutamine in this 
amination (43). 

The synthesis of 2'-deoxyribonucleotides probably proceeds mainly by 
reduction of the corresponding ribonucleotides (1). With soluble enzyme 
systems from E. coli reduction of UDP to dUDP was observed in the 
presence of A T P and M g

+ +
; UMP and UTP were relatively inert (44, 

44a) · Conversion of CMP to dCMP has been observed in several systems 
(45-48) and this reduction also occurs at higher levels of phosphorylation. 
Reichard et al. (45) have formulated the following sequence of reactions: 

ATP, M g

++
 ATP, M g

+ +
, Τ Ρ Ν Η 

C M P > C D P > d C D P ( 1 2 ) 
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However, even with CDP as substrate it appeared that more than one 
enzyme might be involved in the reduction. Deoxy cy tidy lie acid can also 
be deaminated to dUMP (49). 

Thymidylic acid is enzymatically synthesized by tetrahydrofolate-
mediated methylation of dUMP (1, 2). Wahba and Friedkin (50), using 
a partially purified enzyme from E. coli B, demonstrated that in this re
action the oxidation of tetrahydrofolate to dihydrofolate was specifically 
dependent on dUMP; they formulated the reaction as follows: 

Another methylation converted UMP to thymine ribonucleotide in the 
presence of tetrahydrofolic acid and formate (51). Conceivably methyla
tion of dCMP could produce 5-methyldeoxycy tidy late; however, labeling 
of this compound was not observed during incorporation of formaldehyde-
C

14
 into dTMP (52). Like dCMP, 5-methyldeoxycytidylic acid was deam

inated, probably by the same enzyme (49), with the formation of dTMP; 
5-hydroxymethyl-dCMP was similarly deaminated. dTMP is further phos
phorylated to dTTP, again apparently by sequential kinases (53); these 
kinases were stabilized by substrate and also appeared to be more active 
in growing cells (53-56). 

B. Pyrimidine Nucleotide Derivatives 

1. URIDINE NUCLEOTIDES 

Following the discovery of UDP-glucose (57), now known to play a 
vital role in glycogen synthesis (3, 4, 58), a number of derivatives of U D P 
have been isolated from animal tissues, plants, and microorganisms. Other 
glycosyl compounds which have been found in combination with U D P 
include acetylglucosamine-6-phosphate, acetylglucosamine, acetylgalac
tosamine sulfate, galactose, D-xylose, L-arabinose, glucuronic acid, galac-
turonic acid, and peptide derivatives of iV-acetylglucosamine (3, 4)- It 
can be anticipated that this list will continue to grow. Many of these com
pounds can be enzymically synthesized by reaction of U T P with the re
spective glycosyl phosphate : 

M g

++ 

d U M P + iV

M 0
-methylenetetrahydrofolate d T M P + dihydrofolate (13) 

enzyme 

U T P + glycosyl phosphate - > glycosyl U D P + P P i (14) 

The important role of these compounds in cell metabolism has been em
phasized in recent reviews (8, 4)· 
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2. CYTIDINE NUCLEOTIDES 

The cytidine diphosphate derivatives, CDP-choline and CDP-ethanola-
mine, were originally discovered to occupy a key role in the synthesis of 
phospholipids; the corresponding dCDP derivatives are also known (5). 
CDP-ribitol and CDP-glycerol have been isolated and identified in micro
organisms, as have CMP-iV-acetylneuraminic acid (59) and CMP bound 
to peptides through a carboxyl group (60). Kennedy (5) has recently re
viewed the known roles of some of these cytidine nucleotide derivatives. 

3. THYMIDINE NUCLEOTIDES 

dTDP sugars analogous to those formed with UDP have also been 
discovered; dTDP-mannose (61) and dTDP-rhamnose (62} 63) have 
been isolated from microorganisms and dTDP-glucose and other unidenti
fied dTDP-sugars have been described in E. coli (3, 62, 64, 65). Pyrophos-
phorylases have been described which catalyze the synthesis of dTDP-
glucose (64, 65) and also the enzymic conversion of this compound to 
dTDP-rhamnose (64, 66). The distribution and role of these derivatives 
is still largely unknown; one possibility is that they may function in cell 
wall synthesis in certain bacteria. 

It can be seen from the foregoing that the role of the widely distributed 
pyrimidine nucleotides is not limited to the synthesis of nucleic acids and, 
consequently, the possibilities for interference with cell metabolism by 
pyrimidine analogues are quite broad. However, investigations to date on 
the effects of pyrimidine analogues on the synthesis and function of py
rimidine nucleotide derivatives have not been extensive. 

C. Nucleic Acid Synthesis 

Recent advances in understanding of polynucleotide biosynthesis have 
been reviewed (67-70) and will be only briefly summarized here. One pos
sible mechanism of action for pyrimidine analogues is by incorporation 
into nucleic acids; for this it is clearly evident that they must first be 
anabolized to the necessary nucleotide precursors. 

1. R N A SYNTHESIS 

Various microorganisms have been found to utilize ribonucleoside-5'-
diphosphates as substrates for the enzymic synthesis of high molecular 
weight polyribonucleotides. The polynucleotide phosphorylase snythe-
sized heteropolymers from all four natural ribonucleotides but was rela
tively devoid of specificity with regard to the pyrimidine or purine moie-
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ties and also formed polynucleotides with UDP, CDP, ADP, IDP, GDP, 
or thymine ribonucleoside diphosphate as sole substrate; copolymers of 
ADP and UDP or of GDP and CDP could also be made (69, 70). 

In a different reaction recently described in several laboratories (71-73), 
nucleoside-ô'-triphosphates served as substrates for the enzymic synthesis 
of RNA in both bacterial and mammalian systems. This reaction required 
all four triphosphates as well as primer D N A (74-77); more polyribonu
cleotide was synthesized than DNA primer added (75) and the composi
tion of the RNA formed was influenced by that of the primer (75, 78-80). 
This enzyme is clearly distinct from polynucleotide phosphorylase (81) 
and has been termed RNA polymerase because of its analogy to D N A 
polymerase. 

Another reaction which has been observed in mammalian systems en
tailed the specific and reversible addition of CMP and A M P units to the 
ends of low molecular weight chains of RNA (soluble R N A ) ; this reaction 
also used the nucleoside triphosphates as substrates (82). 

2. DNA SYNTHESIS 

Deoxyribonucleoside-ô'-triphosphates were found to serve as precursors 
for the enzymic synthesis of D N A in both bacterial and mammalian sys
tems (24, 67-69, 83); this reaction required all four deoxyribonucleoside-
ô'-triphosphates, as well as primer DNA and magnesium ions. The base 
composition of the D N A synthesized was strictly a function of the primer 
used, but the enzyme had a fairly broad specificity with regard to purine 
and pyrimidine moieties. For example, dUTP could replace dTTP and 
dITP could replace dGTP in the reaction, although neither uracil or 
hypoxanthine occur naturally in DNA. In the case of uracil, the explana
tion for this appeared to lie in the lack of conversion of dUMP to higher 
phosphate derivatives. Also, it has now been shown that in E. coli dUTP 
is readily broken down to dUMP and pyrophosphate (44<*)) this enzyme 
activity may further limit uracil incorporation into DNA. 

III. PYRIMIDINE ANALOGUES 

Many pyrimidine analogues act to inhibit de novo pyrimidine nucleotide 
biosynthesis or, after conversion to nucleotides themselves, act to inter
fere with normal nucleotide inter conversion or function. In some cases 
the analogues serve as fraudulent substrates for the enzymes of pyrimidine 
metabolism, and competition with natural substrates at various levels of 
metabolism is thus possible. Some of the analogues are anabolized and 



7. PYRIMIDINE ANALOGUES 247 

incorporated into nucleic acids in place of natural pyrimidines; possibili
ties then exist for interference with the normal function of R N A and 
D N A . 

Pyrimidine analogues are considered here in relation to the normal 
pyrimidine which they most directly antagonize or which they most 
closely resemble in metabolic behavior. In this way they have been classi
fied as CO orotic acid analogues, (2) uracil and cytosine analogues, or 
(8) thymine analogues. Pyrimidine analogues have also been discussed in 
other recent reviews (6-11). 

A. Orotic Acid Analogues 

1. URACIL-6-SULFONIC ACIDS 

The utilization of orotic acid by microorganisms was found to be inhib
ited by analogues ( I ) in which the carboxyl group of orotic acid was re
placed by a sulfonic acid, sulfonamide, or sulfone group (84). These ana

logues were also found to inhibit neoplastic growth (85). In Ehrlich ascites 
cells in vitro uracil-6-methylsulfone decreased the labeling of D N A thy
mine by orotic acid and by formate but not by thymidine (86), and orotic 
acid labeling of R N A pyrimidines was reduced in regenerating liver slices 
(87). These results were explained by the fact that these analogues inhib
ited the reaction of orotic acid with PRPP to form OMP; with partially 
purified yeast OMP pyrophosphorylase the inhibition was competitive 
(88). Anabolism of uracil-6-sulfonamide to nucleotides did not appear to 
take place. 

2. 5-HALOGEN-SUBSTITUTED OROTIC ACIDS 

5-Fluoro-, 5-chloro-, and 5-bromosubstituted orotic acids inhibited the 
conversion of orotic acid to uridine nucleotides by a supernatant fraction 
from rat liver (89)] 5-fluoroorotic acid was the most effective inhibitor, 
and 5-iodoorotic acid was without activity. Steric factors may be involved 
or iodoorotic acid may be rapidly dehalogenated (90, 91). These data sug-

O 

H 

(I) 
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gest an inhibition by the 5-halogen-substituted orotic acids either in the 
conversion of orotic acid to OMP or in the decarboxylation of OMP to 
UMP (Eq. 2 ) . With a partially purified preparation of yeast OMP pyro-
phosphorylase that also contained OMP decarboxylase fluoroorotic acid 
was itself extensively converted to fluoroorotidylic acid and thence to 
FUMP (92). The normal and fraudulent substrates had similar Michaelis 
constants (Km = 1.8 Χ 10~

5
 M for orotic acid and 2.0 Χ 10~

5
 M for fluoro

orotic acid) and the pH optimum was the same for both reactions, but 
fluoroorotic acid reacted about twice as rapidly as did orotic acid {92). 
Chloro-, bromo-, and aminosubstituted orotic acids did not appear inhib
itory to yeast OMP pyrophosphorylase; however, at higher concentra
tions evidence of reaction of these analogues with PRPP was obtained (92). 

Purified dihydroorotic acid dehydrogenase from Zymobacter oroticum 
also reacted with fluoroorotic acid, reducing it more rapidly than orotic 
acid (93) j although again the Michaelis constants for the two substrates 
were about the same. Feedback inhibition of de novo pyrimidine biosyn
thesis by fluoroorotic acid is discussed below (see Section I V ) . 

B. Uracil and Cytosine Analogues 

In contrast to earlier work, observations within the last decade have 
indicated that preformed uracil could be utilized for nucleic acid biosyn
thesis, especially in neoplasms and other rapidly growing tissues (1, 2); 
this is in line with the higher activities in such tissues of the enzymes for 
uracil anabolism (see Section I I ) . In the search for chemical agents which 
might have a preferential inhibitory effect on neoplasms, uracil analogues 
have therefore been explored in considerable detail (cf. 10, 9J^). From what 
is known about cytosine metabolism (see Section I I ) , cytosine analogues 
might be expected to undergo extensive deamination to the corresponding 
uracil analogues and thereby exert antimetabolite activity. 

1. 6-AZATJRACIL 

6-Azauracil has been intensively studied, particularly in laboratories in 
New Haven and in Prague, and its metabolism and mechanisms of action 
have been defined (cf. 10, 95). The free base was anabolized to azauridine 
(95-99) and to azauridylic acid (99-102); these conversions were appar-

O 

H 
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ently mediated by uridine phosphorylase (33, 35) (Eq. 5) and uridine 
kinase (30) (Eq. 6), and competition with the normal substrates could 
thus exist at these levels of anabolism (95, 101-108). In contrast to uri
dine, azauridine was not extensively degraded (95, 99, 101, 102, 104), 
apparently due to characteristics of the phosphorylase; uridine phosphory
lase partially purified from Ehrlich ascites tumor cells synthesized aza
uridine but did not catalyze the reverse reaction (33, 35). Even the for
ward reaction proceeded only to a limited extent, and in mammalian 
systems, in general, conversion of the base to the ribonucleoside was 
relatively poor (105-106). Further conversion to the ribonucleotide pro
ceeded readily, however, especially in tumors (100-102); azauridine was 
also a much more potent inhibitor of the growth of neoplasms in vivo 
(104, 107) or in cell culture (105, 106) than was azauracil, suggesting that 
phosphorylase activity may be a limiting factor. Anabolism beyond the 
5'-mononucleotide appeared to be negligible in mammalian systems; aza-
uridine-5'-di- and triphosphates were not detected (100, 102), and no 
incorporation of the analogue into mammalian nucleic acids was observed 
(100, 102, 106). Azauridine interfered with orotic acid anabolism in vivo 
and in vitro (102) and caused accumulation of orotidine in neoplasms (100, 
102) and in urine (101); orotic acid and OMP accumulated in microorgan
isms (95, 98, 108). These results are explained by the strong inhibition by 
azauridylic acid of the decarboxylation of OMP (99, 102) : 

Azauracil 

! I 
Azauridine 

ι 
Azauridylic acid 

P R P P 

Orotic acid ^ > O M P 1 • U M P + C 0 2 (15) 

Orotidine 

With partially purified yeast OMP decarboxylase, azauridylic acid was an 
effective competitive inhibitor of this reaction (Km for OMP = 7-8 X 10

_e 

M; Ki for azauridylic acid = 7-8 Χ 10
-7
 M) but only at pH values at 

which the triazine ring was predominantly negatively charged (above 
pH 7) (109). The enzyme-inhibitor association was reversible, and the 
inactivation could be abolished by selective removal of the inhibitor (109). 
The inhibition was specific for the mononucleotide, since azauracil, aza
uridine, and the di- and triphosphate derivatives were all noninhibitory 
for partially purified yeast orotidylate decarboxylase (100, 109). Aza
uridylic acid was also shown to inhibit OMP decarboxylase from neo
plasms (100, 102), and again the inhibition was specific for the mononu
cleotide. 
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Evidence that the mechanism of action of the inhibitor in humans is 
the same as that in experimental systems comes from the observations 
that orotic acid and orotidine were excreted in the urine of azauridine-
treated patients (110) and that the conversion of orotic acid to uridine 
nucleotides was inhibited by the analogue in human leukemia cells (111, 
112). Biochemical and pharmacological studies of azauridine have been 
made (9, 113), and temporary remissions in several types of human neo
plasms have been observed (114). 

In bacteria azauridylic acid was further metabolized to the di- and tri
phosphates (99) and other possibilities for antimetabolite activity are 
therefore apparent. These might include reactions of uridine nucleotides 
in nucleic acid biosynthesis or in the formation of glycosyl compounds. 
Synthetic azauridine-5

,
-diphosphate inhibited E. coli polynucleotide phos-

phorylase (115), assayed by exchange of P
32
-orthophosphate with UDP 

and ADP (116); the fraudulent diphosphate itself showed no apparent 
exchange of phosphate with the enzyme. However, whether by this en-
zymic mechanism or others, slight labeling of RNA by azauracil-2-C

14 

was observed in Streptococcus faecalis (99) ; no labeling of D N A was de
tected. Interference with nucleotide metabolism was implied by the accu
mulation of acid-soluble iV-acetylaminosugar esters in azauracil-inhibited 
E. coli; an inhibition of normal uridine nucleotide function in cell wall 
biosynthesis was postulated (117, 118). No aminosugar accumulation was 
noted in Bacillus cereus, however (119). Such inhibitions appear unlikely 
in mammalian cells in view of the lack of formation of azauridine-5'-di-
and triphosphates; for example, azauracil did not apparently interfere 
with uridine nucleotide coenzyme function in galactose metabolism (120). 

Resistance to purine and pyrimidine analogues is frequently accom
panied by decreased capacity of the resistant cells to form nucleotides of 
the base analogues through decrease or loss of activity of enzymes which 
anabolize the bases (11). Resistance to azauracil affords one of the clearest 
examples of this phenomenon. Thus, a mutant of S. faecalis resistant to 
azauracil was unable to convert uracil or azauracil to nucleotide deriva
tives but could anabolize uridine and showed no cross resistance to aza
uridine; this mutant was presumably deficient in the uridine phosphory-
lase necessary to convert the free base to the ribonucleoside (96). In an 
extension in this area of study, an azauridine-resistant line of L5178Y 
lymphoma was shown to be unable to form significant amounts of aza-
uridine-5'-phosphate either in vivo or in vitro, and this was correlated with 
a marked decrease in the capacity of cell-free extracts to form UMP or 
azauridylic acid (121); this wOuld imply a decrease in uridine kinase 
activity. Azauridine-5'-phosphate added to the extracts inhibited OMP 
decarboxylase activity in preparations from both the sensitive and the re
sistant neoplasm, and there appeared to be no "resistance of the enzyme" 
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to the effects of the inhibitor; thus, enzyme inhibition by a nucleotide 
analogue has been clearly demonstrated in preparations of resistant cells 
which have lost capacity to form this nucleotide analogue. The resistant 
line showed no apparent alteration in permeability to the inhibitor nor 
increased destruction of the analogue derivatives, so that decreased syn
thesis of the ribonucleotide was defined as the major metabolic difference 
in the resistant cells. 

Azauracil has proven to be of value as a tool in metabolic studies. For 
example, azauracil was used to limit effectively pyrimidine biosynthesis 
in a study of bacteriophage development (122) and to limit R N A synthe
sis in E. coli in an analysis of the kinetics of enzyme induction (123). The 
mechanism was assumed to be primarily one of limiting the supply of py
rimidine precursors by blocking de novo synthesis of UMP; the effect was 
prevented by uracil and reversed slowly by uridine. 

2. 6-AZACYTOSINE 

Anabolism of cytosine analogues remains largely unexplored, but, by 
analogy with cytosine (see above, Section I I ) , these analogues might be 
expected to undergo extensive deamination to the corresponding uracil 
analogues. This has been shown to be the case for 6-azacytosine in bacte
ria; the inhibitory effects in several bacterial species could be correlated 
with their capacity to deaminate this analogue, and microorganisms re
sistant to azauracil were also resistant to azacytosine (124). On the other 
hand, the observation that azacytosine was more effective than azauracil 
in the inhibition of growth of sarcoma 180 (125) and adenocarcinoma 
755 (126) cannot be explained on the basis of deamination. It would there
fore be of interest to determine whether cytidine phosphorylase is present 
in these neoplasms. Also, azacytidine has been reported to be more in
hibitory than azauridine in E. coli) this compound also had carcinostatic 
activity (127). 

3. 5-AZAURACIL 

This analogue (128, 129) was observed to inhibit growth of mammary 
adenocarcinoma 755 (126) but was without effect on L 1 2 1 0 mouse leuke-

O 

H 

(2 ,4 -D ioxo - l , 2 ,3 ,4-tetrahydro-
1,3, 5-triazine) 
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mia (ISO). Growth of E. coli Β was also inhibited and uracil, cytosine and 
their ribonucleosides were the most effective agents in preventing this 
inhibition (181). The site of action of 5-azuracil has not been defined, and 
it is of interest that E. coli inhibited with 5-azauracil did not undergo cell 
elongation (131) as was observed with 6-azauracil (132). 

4. 2-THIOURACIL 

This analogue can be metabolized to nucleotide derivatives and incor
porated into RNA. A nucleoside phosphorylase preparation from horse 
liver synthesized both the ribo- and deoxyribonucleosides of thiouracil 
(39), and a pyrimidine deoxyribonucleoside phosphorylase from E. coli 
produced thiodeoxyuridine (36). These enzymes were also active phos-
phorylases for the normal pyrimidine nucleosides (see Section I I ) , and 
competitive effects could therefore exist. Thiouracil conversion to its 
ribonucleotide was studied in extracts from E. coli (133), and such ana-
bolism evidently proceeds in a variety of cells since thiouracil is incorpo
rated into RNA as thiouridylic acid (134-137). Reaction of thiouridine 
or thiouridylic acid with kinases has not, however, been tested. Chemi
cally prepared thiouridine-5'-diphosphate was shown to react with poly
nucleotide phosphorylase; P

32
 exchange with thiouridine-5'-diphosphate 

could be demonstrated and polymer was produced (138). Incorporation 
of thiouracil into RNA has been shown to occur by substitution for uracil 
(134-137), and certain effects of the analogue could be reversed by uracil 
(139-142). Thiouracil was incorporated throughout the RNA, which re
mained susceptible to the action of ribonuclease (137). 

The chief inhibitory actions of thiouracil are probably exerted at or 
beyond the nucleotide level, and certain primary ones, such as effects on 
protein synthesis (142, 148), may well be related to its incorporation into 
RNA. Conditions which inhibited conversion of thiouracil to the nucleo
tide in E. coli also antagonized the growth inhibition exerted by the ana
logue (138), and thiouracil inhibition of phage protein synthesis was pre
vented by ultraviolet radiation, which also prevented incorporation of 
the analogue into RNA (144)> 

The effects of thiouracil incorporation into the RNA of tobacco mosaic 
virus (TMV) have been found to be complex (cf. 6). In an early study, re-

O 

H 
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placement of about 20% of the uracil in T M V R N A with thiouracil was 
found to result in a 50% reduction in virus yield (184). Incorporation into 
the virus RNA by replacement of uracil was confirmed (185, 187); others 
also noted inhibition of the rate of virus multiplication (139, ΙΙβ) and de
creased yields of infective material (189). However, a decrease in the 
infectivity of the virus particles which were formed was not detected in 
early work (189). In a more detailed study Jeener (HI) found no signifi
cant decrease, on an equal nucleic acid basis, between normal and thioura-
cil-containing virus in infectivity (number of lesions produced) in one 
tobacco host; however, in another host virus containing the analogue was 
observed to multiply at a slower rate (cf. β). In a further investigation 
with this latter host, Francki and Matthews (145) found a marked de
crease in the yield of infective material from thiouracil-treated tobacco 
leaves. Decreases were also observed in the yield of total virus material 
assayed by several methods, but these differences were less striking than 
was the decrease in infectivity, and the authors concluded that the ana
logue produced noninfectivity in 50-80% of the virus particles. When 
measured with partially purified virus preparations, the infectivity did 
not appear to be so strikingly decreased. With the separation of biologi
cally active RNA from T M V (146) it would now be possible to study 
more specifically the effects of thiouracil incorporation into the specific 
genetic material, and such studies would appear to be valuable. Other 
studies reported some production of noninfectious influenza virus after 
exposure of infected tissues to thiouracil (147)-

Thiouracil was found to inhibit bacterial growth (186, 142, 148); in 
Bacillus megaterium and in E. coli growth was depressed from an exponen
tial rate to a linear rate (136, 142). The influence of thiouracil on protein 
synthesis has been studied more specifically in terms of effects on enzyme 
formation. The adaptive secretion of extracellular amylase by a strain of 
Bacillus subtilis was reported to be inhibited by thiouracil (149), and 
both constitutive and induced synthesis of enzymically active /3-galactosi-
dase was inhibited in strains of E. coli (142). In recent work it was con
cluded that this represented a decrease in the formation of enzymically 
active protein in that β-galactosidase of E. coli grown on thiouracil con
tained less enzymic activity per unit of immunologically active protein 
than did enzyme from control cells (143). Modifications in Michaelis con
stants for various substrates were not detected in the altered enzyme. The 
sites for immunological and enzymic activities are apparently distinct in 
this enzyme, and the discrepancy thus indicates considerable specificity 
in the effect of the analogue on protein synthesis. In somewhat related 
results, thiouracil was observed to depress the incorporation of leucine-C

14 

into carbamylphosphate synthetase in the premetamorphosing tadpole; 
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uracil partially prevented this effect of the analogue (148a). The effect 
was hypothesized to be a consequence of the formation of a faulty RNA 
which failed to function in the synthesis of new enzyme. Several interpre
tations of these findings are possible; an attractive hypothesis is that 
thiouracil is incorporated into the RNA of a protein template with result
ing translation errors in the relay of genetic information from DNA to 
protein (143). Somewhat similar results have been obtained in studies on 
fluorouracil incorporation into RNA and its effects on the synthesis of 
active enzymes (see below). 

5. 5-FLUOROURACIL 

Due largely to investigations at the University of Wisconsin, the ana-
bolism (150-153)' and catabolism (154, 155) of fluorinated pyrimidines 
have been well defined in vivo and in intact cells in vitro, and the growth 
inhibitory effects of this class of compounds, particularly in experimental 
neoplasms, have been demonstrated (150, 156-158). Fluorouracil was 
found to be anabolized to fluorouridine, fluorouridine-5'-mono-, di-, and 
triphosphates, fluorouridine-5'-diphosphate sugars, fluorocytidine-ô'-mono-
phosphate, fluorodeoxyuridine, and fluorodeoxyuridine-5'-monophosphate; 
all of these compounds were identified in the acid soluble fraction from 
mammalian cells (153). 

Ο 

In work from Karolinska Institutet, some of these reactions have 
been explored in cell-free systems (30, 159, 160). Thus, Skôld has shown 
that conversion of the base to the ribonucleoside was mediated by a 
preparation of uridine phosphorylase partially purified from Ehrlich 
ascites tumor cells (160). With this enzyme fluorouracil appeared to be a 
noncompetitive inhibitor of both the synthesis and cleavage of uridine 
(Eq. 5); an inhibition constant of about 0.16 X 10~

3
 M was obtained in 

both directions (159). This inhibition was greater than product inhibition 
of uridine phosphorolysis by uracil; fluorouridine was an even weaker in
hibitor of the phosphorolysis (159). 

When fluorouridine was incubated with ATP and an ATP-regenerating 
system in the presence of crude acetone powder extracts from Ehrlich 
ascites cells the 5'-mono, di-, and triphosphates were formed; fluorouridine 
triphosphate was the predominant nucleotide formed under these condi
tions (160). The first of these steps was shown to be mediated by purified 
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uridine kinase (30). Fluorouridine effectively inhibited the reaction of 
uridine (Eq. 6) (159); the apparent Michaelis constants were 4.8 X 10~

5 

M and 3.8 Χ 10~
5
 M for the normal and fraudulent substrates, respec

tively (30). The inhibition of this reaction was specific for fluorouridine; 
fluorouracil and fluorodeoxyuridine were without effect (159). 

Fluorouracil conversion to fluorodeoxyuridine could also be mediated 
by the uridine phosphorylase preparation which was active for the synthe
sis of uridine, deoxyuridine, and fluorouridine (160) (see also Section I I ) . 
Fluorouracil again inhibited the phosphorolysis of deoxyuridine by this 
enzyme (Eq. 7) (observed K{ about 0.24 X 10~

3
 M); fluorodeoxyuridine 

was a weaker inhibitor of the cleavage (160). This enzyme was active for 
thymidine synthesis as well (see Section I I ) ; fluorouracil also inhibited 
thymidine phosphorylase in supernatant preparations from experimental 
neoplasms (161). 

Evidence was obtained for some phosphorylation of fluorodeoxyuridine 
to fluorodeoxyuridylic acid in crude preparations from Ehrlich ascites 
tumor cells (160). As is the case with deoxyuridylate (162), there was no 
evidence for the further phosphorylation of fluorodeoxyuridylate to the 
di- or triphosphate (160); this result agrees with earlier findings in sus
pensions of intact Ehrlich cells (153). Thus, the results of in vivo and in 
vitro studies, as well as findings with partially purified enzymes, show that 
fluorouracil is anabolized by the enzymes of uracil metabolism and that 
the analogues inhibit the normal reactions of these enzymes. 

Other than these competitions at the enzymic level, however, there 
may be factors within the intact cell which can select against the anabo-
lism of fluorouracil. Thus, growing cells of Candida utilis could incorpo
rate fluorouracil more effectively than uracil into the acid-soluble pool, 
but competition experiments with both compounds indicated that uracil 
could reduce the turnover of fluorouracil derivatives in this pool much 
more drastically than fluorouracil could affect uracil turnover (162a). 
This would imply exclusion of the analogue in conversion to nucleotide 
derivatives; the exclusion was also reflected in the further anabolism into 
RNA. 

Fluorouracil was found to be degraded in vivo by the same pathway as 
uracil (Eq. 3) to yield dihydrofluorouracil, a-fluoro-jS-ureidopropionie acid, 
and a-fluoro-/3-alanine; fluoroacetic acid was not found, but an unusual 
product, a-fluoro-/3-guanidopropionic acid, was detected (154, 155). The 
enzymes mediating these reactions may be the same as those responsible 
for the catabolism of uracil. The initial enzyme, dihydropyrimidine dehy
drogenase, also reduces thymine (14); thymine, and, to a lesser extent, 
6-azathymine were found to inhibit the degradation of fluorouracil. Vir
tually no degradation of fluorouracil was detected in Ehrlich ascites cells 
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{155) , which may in part account for the selective effects of fluorinated 
pyrimidines on growth of certain neoplasms. 

Among pyrimidine analogues, the fluoropyrimidines have probably the 
most potent activity against neoplastic growth, and this activity has been 
extensively studied clinically; a bibliography of such studies has recently 
been compiled by Hoffmann-LaRoche, Inc. As with a number of ana
logues {11, 168), conversion of fluorouracil to nucleotide derivatives is, 
in all probability, a prerequisite for antimetabolite and antineoplastic 
activity, and failure to carry out these conversions has been found to be 
associated with resistance to fluorouracil. Thus, Reichard et al. (29) ob
served that fluorouracil resistance in Ehrlich ascites and in L1210 leuke
mia was accompanied by diminished activity of uridine-deoxyuridine 
phosphorylase activities and by some decrease in uridine kinase. Another 
line of Ehrlich ascites studied previously (157) also appeared to be resist
ant by virtue of failure to form the ribonucleoside since it was not cross-
resistant to fluorouridine. In an extension of these studies (11, 164) four 
other lines of Ehrlich ascites, all resistant to fluorouracil, showed no de
tectable change in the activities of uridine phosphorylase or deoxyuridine 
phosphorylase, nor in the incorporation of orotic acid into UMP, but all 
four lines showed a pronounced decrease in uridine kinase activity. Klein 
(164) recently described experiments the results of which suggested that 
the development of fluorouracil resistance in Ehrlich ascites was paralleled 
by a progressive decrease in the activity of the enzymes which convert 
uracil and fluorouracil into nucleotides. Resistance to fluorouracil in P815 
mast cell neoplasm was also accompanied by decreased formation of 
fluorouracil nucleotides and decreased incorporation of fluorouracil into 
RNA (165). In fluorouracil-resistant E. coli (166) and S. faecalis (167) 
there was complete loss of capacity to metabolize uracil or fluorouracil to 
nucleotides or to incorporate fluorouracil into RNA; extracts of E. coli 
cells indicated a loss of UMP pyrophosphorylase activity (Eq. 4) (166). 
Resistance to fluorodeoxyuridine in P815Y cells in culture was accom
panied by loss of the capacity to metabolize thymidine, suggesting a de
crease in deoxyuridine-thymidine kinase activities (Eq. 8); anabolism of 
fluorodeoxyuridine should then be limited (168, 169). Resistance to fluoro
uracil in S. faecalis was also accompanied by inability to utilize exogenous 
thymine or thymidine (170). Thus, data from a variety of systems show 
that decreased activities of the enzymes for uracil and deoxyuridine anab
olism can be related to resistance to fluorinated pyrimidines. 

Fluoropyrimidines, especially fluorodeoxyuridine, markedly inhibited 
the incorporation of formate, orotate, uracil, and deoxyuridine, but not 
thymidine, into D N A thymine (152, 158, 171-175). Resulting inhibition 
of D N A synthesis and of mitosis, coincident with continued RNA and 
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protein synthesis, produced effects in mammalian cells (175-178) resem
bling unbalanced growth and thymineless death in bacteria (179). Also, 
certain toxicities of fluorodeoxyuridine appeared to be competitively in
hibited by deoxyuridine (175) or could be prevented by thymidine (174, 
176j 180, 181). These findings suggested a sjpecific block in the de novo 
biosynthesis, but not the incorporation of thymidine, and this is supported 
by the frequent demonstration of increased utilization of exogenous thy
midine in the presence of fluoropyrimidines (171, 173-175, 182). Fluoro-
deoxyuridylic acid was conclusively demonstrated to be a powerful in
hibitor of the conversion of dUMP to dTMP by thymidylate synthetase 
(183, 184), and an impressive body of evidence, recently reviewed (8, 11), 
has indicated that this metabolic block and the consequent interference 
with D N A synthesis constitute a primary mechanism of action of fluo-
rinated pyrimidines. The inhibition of thymidylate synthetase activity 
was apparently specific for fluorodeoxyuridylic acid with enzyme prepara
tions from either phage-infected E. coli (184) or from Ehrlich ascites 
tumor cells (185). In tumor cell fractions this inhibition appeared to be 
competitive (185); in the bacterial preparations dUMP could also par
tially prevent the inhibition, but binding of the enzyme by the inhibitor 
in preincubation experiments was essentially irreversible (183). 

It is of interest that thymidylate synthetase from fluorouracil-resistant 
Ehrlich ascites cells was examined and found to be equally sensitive to 
fluorodeoxyuridylic acid (185). Previous data on a different resistant line 
had indicated that, in the presence of equivalent amounts of fluorodeoxy
uridylic acid, dTMP biosynthesis was more inhibited in preparations from 
fluorouracil-sensitive Ehrlich cells than in preparations from resistant 
cells (94) 186); the difference was attributed to decreased affinity of dTMP 
synthetase in the resistant cells for the inhibitor. 

As expected from its pattern of anabolism, fluorouracil can be incorpo
rated into R N A as fluorouridylic acid. The incorporation has been shown 
to represent replacement of uracil (151, 187, 188), and in some systems 
fluorouracil and fluorouridine decreased the incorporation of uracil or 
orotic acid into RNA uracil (103, 152, 153, 171, 173). Fluoroorotic acid 
inhibition of uracil incorporation (171) was probably also a result of its 
conversion to fluorouridylic. acid and incorporation into RNA (151). 
Fluorouracil could be converted to fluorodeoxycy tidy lie acid (153) but 
was not incorporated into RNA in this form (151, 166, 187). Extensive 
incorporation of fluorouracil into R N A has been observed in microorgan
isms (150, 166, 187), neoplasms (150-153, 165), and T M V (188, 189). 

Fluorouracil inhibition of RNA synthesis has been studied in a uracil-
requiring auxotrophe of E. coli (190). Similar inhibition has been trans
lated into possible interference with the synthesis of ribosomal RNA. 
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Thus, in E. coli fluorouracil produced an accumulation of low molecular 
weight RNA particles, and it appeared that these particles were abnormal 
in that they could not readily be converted into larger ribosome particles 
even in the absence of the analogue (191). Similarly, in C. utilis, fluoro
uracil depressed the synthesis of ribosomal RNA with a corresponding 
increase in lower molecular weight RNA (162a). 

Incorporation of the analogue into RNA has been found to produce 
various defects. T M V with fluorouracil-containing RNA remained infec
tive, but its ability to produce progeny was decreased (188, 192) ; in spite 
of thorough study no RNA mutants were detected as a result of virus 
incorporation (193). Effects of fluorouracil on T M V could be reversed by 
uridine but not by uracil or thymidine (189,192). 

Certain effects of fluorouracil on cell growth and protein synthesis have 
also been found to be reversed only by uracil in combination with thy
mine, and not by thymine alone (183, 190, 194, 195) and this fact may 
also be related to the incorporation of the analogue into RNA. The extent 
of incorporation into various cellular fractions has been of considerable 
interest in view of the close relationship of RNA to protein synthesis (82, 
196, 197). Heidelberger et al. (151, 158) reported that radioactive fluoro
uracil and fluorouridine labeled nuclear RNA more extensively than cyto
plasmic RNA. Gros et al. (198, 199) have made the interesting observation 
that fluorouracil-2-C

1
 labeled a low molecular weight cytoplasmic RNA 

fraction of E. coli. This fraction sedimented with a velocity (14-16s) inter
mediate between that of soluble RNA (4s) and ribosomal RNA, and was 
therefore presumably the fraction termed "messenger" RNA (199, 200, 
201) which has been implicated as the specific RNA template to transmit 
genetic information from DNA to the ribosomal site of protein synthesis 
(202). During synthesis of new protein, this fraction has shown a very 
high rate of turnover in the absence of net synthesis of RNA, and it could 
be labeled by uracil or fluorouracil within 20 seconds of exposure to the 
isotopic precursor (199, 202). 

Various abnormalities in protein synthesis have been produced by fluo
rouracil. Enzyme synthesis was found to be inhibited, but the effects were 
apparently specific. Thus, in a uracil-requiring mutant of E. coli (190) 
when fluorouracil or its derivatives replaced uracil in the growth medium, 
significant protein synthesis occurred and constitutive enzymes such as 
succinic dehydrogenase and catalase which were synthesized were active 
(190). In contrast, induced synthesis of β-galactosidase appeared to be 
blocked both in this strain (187, 190) and in E. coli B, and induction of 
D-serine hydrase activity was also inhibited in two strains of E. coli (190). 
The effect was perhaps not simply an inhibition of induced enzyme syn
thesis, for further increase in 0-galactosidase activity was also blocked in 
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two E. coli strains in which the enzyme was constitutive; it was postu
lated that the results might rather indicate specificity in the protein syn
thesis which could be blocked by fluorouracil, perhaps reflecting in turn 
specificity in R N A alteration (190). 

Intriguing recent results by Gros and co-workers (203, 204) have indi
cated that E. coli exposed to fluorouracil may synthesize altered enzymes. 
Thus, 0-galactosidase synthesized by such cells appeared to be antigeni-
cally normal even though enzymically inactive (203). Alkaline phospha
tase synthesized under these conditions, though unaltered in specific 
activity, was reported to be altered in amino acid composition and to be 
more thermolabile than normal (204). This observation might be related 
to other findings of Naono and Gros (205) that the incorporation of cer
tain amino acids into protein was specifically and almost immediately 
inhibited by fluorouracil in E. coli and B. megaterium. Of twelve amino 
acids tested this effect was specific only for proline and tyrosine, and 
utilization of other amino acids was not decreased, so that the resulting 
proteins synthesized were apparently deficient in these amino acids (205). 
In this case the authors related the effect in the case of proline to a dimin
ished binding of the labeled amino acid to soluble R N A and suggested a 
high degree of specificity in alterations produced by fluorouracil in the 
composition of this R N A (206). Fluorouracil incorporation into soluble 
RNA (4s) has not, however, been demonstrated. No such inhibition of 
proline incorporation into E. coli protein was observed by Aronson (191), 
who also reported that the proteins synthesized during exposure to fluoro
uracil were not significantly altered in amino acid composition; in the 
absence of further details it is not clear whether or not the difference be
tween the two studies could be attributed to variation in the experimental 
conditions. Other workers observed no effect of fluorouracil on the incor
poration of another amino acid, lysine, into protein in Ehrlich ascites 
cells (153). 

It is of interest that the production of abnormal enzymes observed by 
Gros was almost immediate and occurred within 5 minutes of the addition 
of the analogue (199). It could also be shown that fluorouracil labeling of 
messenger RNA correlated with the appearance of such abnormal en
zymes (198, 206). One interpretation of these findings is that continuous 
renewal of such an R N A fraction is necessary for protein synthesis and, 
as postulated by Chantrenne (207, 208), Gros (206), and Hamers (143), 
that incorporation of base analogue modifies this R N A fraction and spe
cifically alters its capacity to transmit accurate template information for 
protein synthesis. 

As expected from its potent inhibition of D N A synthesis, fluorouracil 
effectively blocked the production of bacteriophage in E. coli (195, 209). 
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However, thymidine alone could only partially restore phage synthesis 
and was much less effective in this respect than uracil and thymidine 
together (195, 209). Similar observations have been made for reversal of 
fluorouracil inhibition of total D N A synthesis in both phage-infected (194) 
and uninfected (190) E. coli. These results again reflect the effects of 
fluorouracil on R N A and on protein synthesis as well as its inhibition of 
DNA synthesis; they also indicate a role of normal R N A and/or protein 
synthesis, as well as D N A synthesis, in phage production (195, 209). 
Based on these experiments it was suggested that the effect reversed by 
uracil preceded that reversed by thymidine (209). 

Fluorouracil activity as a uracil analogue has also been indicated by 
its interference with uridine nucleotide function in the biosynthesis of 
bacterial cell walls. Studies by Park and Strominger (210) on the mecha
nism of action of penicillin in Staphylococcus aureus led to the discovery 
of UDP-iV-acetylmuramic acid peptide. 

UDP-iV-acetylglucosamine-S'-O-lactyl-Ala-Glu-Lys-Ala-Ala 

This and similar compounds are considered to be intermediates in bacte
rial cell wall synthesis and have been shown to accumulate in the presence 
of certain antibiotics, notably penicillin (211). In fluorouracil-inhibited 
5. aureus (211, 212) and E. coli (212) a fluorouracil-containing compound 
has been isolated which was completely analogous to UDP-iV-acetyl-
muramic acid peptide. This analogue of the cell wall precursor did not 
appear to be readily utilized for cell wall synthesis (211); accumulation 
of iV-acetylhexosamine-containing compounds has been observed in fluo-
rouracil-treated E. coli (212, 218) and in S. aureus (211, 212). Tomasz 
and Borek (214) described the abrupt lysis of E. coli K-12 growing in the 
presence of fluorouracil and the prevention of such lysis by uracil (218); 
these observations were extended in E. coli (212) and in S. aureus (211 
212) and the effect has been attributed to defective biosynthesis of the 
cell wall. Fluorouracil may thus interfere with cell wall synthesis through 
formation of the fraudulent fluorouridine diphosphoglycosyl intermediate; 
this suggests that fluoropyrimidines might also inhibit other biochemical 
functions of UDP-glycosyl compounds. 

6. 5-FLUOROCYTOSINE 

5-Fluorodeoxycytidine was shown to have antimetabolite activity 
against microorganisms (166, 215), amphibian embryos (180, 181), experi
mental neoplasms in vivo (216), chick embryo fibroblasts (217), and a 
human neoplasm (H.Ep.-l) in cell culture (218). In several of these sys
tems growth inhibition was most effectively prevented by thymidine; in 
H.Ep.-l cells 5-methyldeoxycytidine and high concentrations of deoxy-
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uridine or deoxycytidine were also effective reversal agents. In this system 
fluorodeoxycytidine specifically inhibited the incorporation of orotic acid 
and stimulated the incorporation of thymidine into D N A (218). These 
data indicated that fluorodeoxycytidine, like fluorodeoxyuridine, effected 
a block of dTMP synthesis, and presumably acted after deamination to 
the fluorouracil derivative; Lichtenstein et al. (21 δ) observed such deami
nation in E. coli. Fluorodeoxycytidylic acid had a more prolonged bac-
teridical effect against this organism than did fluorodeoxycytidine, and 
its lethal effects were similarly overcome by dTMP and by 5-methyl-
dCMP, which is deaminated to dTMP. For activity against dTMP syn
thesis fluorodeoxycytidylic acid was also presumably deaminated; the 
finding that fluorodeoxycytidylic acid was much more bactericidal than 
fluorodeoxyuridylic acid remains unexplained (215). 

5-Fluorocytosine had little biological activity in a number of systems 
(156, 166, 218), although it was somewhat inhibitory to the incorporation 
of uracil-C

14
 into nucleic acid cytosine in Ehrlich ascites cells (158). In 

contrast, fluorocytidine was quite active in inhibiting growth of bacteria 
(166) and of a mouse leukemia (216), and it significantly inhibited the 
incorporation of uracil or cytidine into nucleic acid thymine and, to a 
lesser extent, into cytosine and uracil (153). Fluorocytidine inhibition of 
a human neoplasm in cell culture was prevented by a 100-fold excess of 
uridine and cytidine but not by a similar excess of deoxyuridine, thymi
dine, or 5-methyldeoxycytidine (218). The metabolic blocks exerted by 
fluorocytidine cannot be defined from these qualitative findings, but it 
seems evident from these results that the analogue does not act solely by 
inhibition of dTMP synthesis. 

C Thymine Analogues 

1. 5-BROMOURACIL 

5-Bromouracil is one of several halogenated pyrimidines that can be 
incorporated into DNA. Incorporation into nucleic acids, first reported 
in S. faecalis (219), was shown to occur in both bacteria and phage by 

Ο 

Η 

equimolar replacement of DNA thymine (220-222); bromodeoxyuridine 
incorporation in mammalian tissues occurred similarly (223-226). Under 
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appropriate conditions bromouracil can replace over 50% of DNA thy
mine. The incorporation and the results thereof have frequently been 
most evident under conditions when anabolism of preformed thymine 
would be most likely, as in thymine-requiring cells (179, 221, 227-230) or 
in cells in which de novo biosynthesis of DNA thymine was inhibited by 
sulfa (220, 222, 231-233), aminopterin (229, 234, 285), amethopterin (223, 
224), or fluorodeoxyuridine (235, 286). This suggests that such conditions 
also promote the anabolism of bromouracil, and there are indications that 
bromouracil and thymine anabolism may be carried out by identical en
zymes. Bromouracil was converted to its deoxyribonucleoside by a pyrim
idine nucleoside phosphorylase purified from either a bacterial (86) or a 
mammalian (88) source, and active for the conversion of both thymine 
and deoxyuridine.. Thymidine phosphorylase activity in extracts of E. coli 
could apparently be increased by growing the cells on thymidine, and in 
such event bromodeoxyuridine phosphorylase activity was increased in a 
parallel fashion (40). Indirect evidence for identity of the nucleoside 
kinases has come from findings with a leukemia cell line (P815Y/FUDR) 
resistant to inhibitions by fluorodeoxyuridine, bromodeoxyuridine, iodode-
oxyuridine, bromodeoxycytidine, and thymidine (168, 169, 237); in line 
with current theories on resistance (11, 163), the apparent loss of thymi
dine kinase activity in this line might suggest that this enzyme was also 
responsible for anabolism of the analogues (see above). 

Competition between bromodeoxyuridine and thymidine for incorpo
ration into DNA has been evident in a number of systems (224)· Bromo
deoxyuridine inhibited in vivo and in vitro the incorporation of labeled 
formaldehyde, formate, or orotic acid into DNA thymine (238, 239) ; this 
too reflected competition for incorporation into the nucleic acid rather 
than in biosynthesis of the mononucleotide, since incorporation of for
maldehyde into acid-soluble thymine, thymidine, or dTMP was not de
pressed (238). Such competition could occur at the level of phosphoryla
tions to the triphosphate or at the stage of DNA polymerization. Chemi
cally prepared bromodeoxyuridine triphosphate was able to replace dTTP 
in DNA biosynthesis with purified polymerizing enzyme from E. coli, and 
the fraudulent nucleotide could react equally as well as could dTTP (240). 

A question which is still largely unexplored is that of possible intracel
lular controls to select against incorporation of the analogue into D N A 
(cf. fluorouracil). For example, if accumulation of bromodeoxyuridine tri
phosphate lagged out of synchrony with normal cell division, as suggested 
by Zamenhof et al. (241), this could constitute a selection against incor
poration of the analogue. It has also been reported that bromouracil 
"replacement" of thymine in E. coli DNA was not random and unspecific 
but produced almost a reorganization of the nucleotide pattern in that it 
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increased the total number of pyrimidine nucleotides located in solitary 
sequence as purine-pyrimidine-purine (242). The new purine-bromouracil-
purine units which appeared outnumbered the purine-thymine-purine 
units which disappeared, and the number of purine-cytosine-purine units 
was also doubled. This might reflect a type of selection in the building up 
of the polymer; in the absence of further studies of this nature, the term 
"replacement" of normal bases by analogues within the polymer might be 
employed with reservation. Earlier work reported that the population of 
DNA molecules from E. coli grown on bromouracil showed a heterogene
ous distribution of analogue in the molecular species separated by chro
matography on ECTEOLA cellulose (243), although this was not clearly 
the result of intracellular heterogeneity in the population with respect to 
bromouracil incorporation (see, for example, 10). 

If bromouracil anabolism follows that of thymine, the intermediate 
analogues of the thymidine nucleotides could presumably also have anti
metabolite activities. Thymidine triphosphate has been found to exert 
control over the synthesis of dCDP from CDP (244), and bromodeoxy-
uridine triphosphate may behave similarly; deoxy cytidine was reported 
to reverse bromodeoxyuridine inhibition in B. subtilis without affecting 
the incorporation into D N A (245). Anabolism and activity of ribonucleo-
side derivatives appears not to be significant, although bromouridine, but 
not bromodeoxyuridine, inhibited the incorporation of orotic acid into 
R N A in mammalian tissue slices (239). Bromouracil was reported to be 
incorporated into R N A in a strain of C. utilis adapted to grow on uracil 
(246); such incorporation has not, however, been observed in other sys
tems (220, 225, 226). Bromouridine diphosphate was found to be inactive 
with polynucleotide phosphorylase from Azotobacter agilis (70); a recent 
note reported detectable activity using similar preparations and assay, 
but the nucleotide product in the exchange assay was not actually identi
fied (246). 

Bromodeoxyuridine was active against bacteria (10, 179, 247, 248) and 
was the only derivative with marked activity in mammalian systems (223-
226, 238, 239, 249) ; the free base may be catabolized instead. Dihydropy-
rimidine dehydrogenase, which reduces both uracil and thymine in the 
initial step of catabolism (Eq. 3), has been found to reduce bromouracil 
at an even faster rate than the normal pyrimidines (14). The analogue is 
also known to be dehalogenated (250-252) and would be further catabo
lized as the uracil derivatives. Competition with uracil for catabolism 
should therefore exist, and bromouracil has been shown to inhibit the 
catabolism of uracil in soluble preparations from rat liver (258). Such 
competition also appeared to be important in plant systems in which 
bromouracil was rapidly catabolized (254) and uracil was thereby corre-
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spondingly "spared" for anabolic conversion (255). This effect may per
haps account for the growth stimulation by bromouracil in these systems 
(256, 257). 

It seems evident, however, that in most systems the primary effects of 
bromouracil are related to its suppression of normal D N A synthesis or to 
its actual incorporation into the DNA molecule, with the formation of a 
fraudulent polymer. Bromouracil-containing D N A has not been found to 
differ from normal D N A in ultraviolet spectrum or viscosity (229); how
ever, consistent with the difference between bromouracil and thymine in 
effective density, it has been observed to show a different pattern of equi
librium centrifugation in a density gradient of cesium chloride (258), and 
this has proved a useul tool in following bromouracil labeling of the mole
cule (259, 260). Presence of the analogue could also apparently increase 
slightly the melting temperature of the polymer (261, 262). Alterations in 
the biological activity of the DNA have been clearly indicated and have 
been investigated most thoroughly for genetically active DNA, particu
larly in studies of bromouracil-induced mutagenesis. 

Mutagenesis was noted in early work with the analogue, although by 
no means all mutations were found to be increased in frequency (10, 228, 
230-238, 286); bromouracil incorporation into D N A initiated mutation 
in bacteriophage even in the absence of protein synthesis (during chlo
ramphenicol inhibition) (263, 264). By the use of fine-structure genetic 
mapping, it has been shown that mutations in phage induced by bromo
uracil or bromodeoxyuridine occurred primarily at specific genetic sites 
or "hot spots" and that these sites were different from analogous "hot 
spots" of spontaneous mutation activity (234, 265, 266); they also differed 
from specific sites sensitive to proflavin-induced mutation (267). The ex
istence of such susceptible sites suggests that mutagenesis, either in its 
inception or in its phenotypic expression is a specific effect, depending 
not only upon the mutagen, but also upon the location of a nucleotide 
pair within the polymer sequence and probably upon the local molecular 
configuration among neighboring nucleotides (see also 268, 269). 

It has been hoped that bromouracil mutagenesis could yield information 
on the structural requirements of D N A serving as a hereditary determi
nant. Bromouracil has been considered to act as a tautomeric mutagen 
(234, 270-272) to produce mistakes in D N A nucleotide sequence. In its 
enol form bromouracil would be expected to pair with guanine and replace 
cytosine, whereas in its keto form it should, like thymine, pair with ade
nine. Thus, if it could enter DNA opposite guanine but subsequently 
revert to the keto form and pair with adenine, it could produce, in repli
cation, a substitution of guanine by adenine. Or, if it could be incorpo
rated paired with adenine, but could then enolize and pair with guanine, 
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a purine replacement in the opposite direction would be produced. Thus, 
the result would be the replacement in the chains of G-C (or guanine-
hydroxymethylcytosine) pairs by A - T pairs, or vice versa; it has been 
suggested that the former shift may be more common in bromouracil-
induced mutations (273). By this model, mutation would involve altera
tion in only a single nucleotide pair but the full substitution of the altered 
pair would appear only after two DNA replications beyond the initial 
analog incorporation; this model apparently fits the experimental data 
for mutation of tryptophan independence in Salmonella typhimurium 
(235). Also studies on bromouracil mutagenesis and the kinetics of D N A 
replication have indicated that mutagenesis did not begin until the time 
expected for commencement of DNA synthesis (272), but bromouracil 
mutants have been shown to continue to appear after removal of the 
analogue (229, 285, 272), presumably by replication of the altered chain. 
Thymidine was less effective in blocking the mutagenesis in stages of 
DNA after the initial exposure to bromouracil, as would be expected if 
its reversal was confined to blocking the incorporation of the analogue 
(272). 

By this theory, bromouracil should also be effective in producing rever
sions of mutations induced by it or by other probable tautomeric muta
gens, such as 2-aminopurine, and this has indeed been found to be the 
case in phage (266) and in bacteria (274). In support of the suggestion 
that the base-pair shift usually induced by bromouracil is the opposite of 
that produced by aminopurine, these analogues were each more effective 
in reversing mutations induced by the other than in reversing their own 
mutants; thus, bromouracil would "correct" the A - T to G-C shift in
duced by aminopurine, while aminopurine would "correct" the bromo-
uracil-induced G-C to A - T shift (266, 278). It is also relevant for the 
specificity of susceptible sites that bromouracil was, for the most part, 
ineffective in reversing proflavin-induced mutations and vice versa, al
though proflavin did induce reversion of its own mutants (266, 269, 275). 

Alteration of genetic D N A by bromouracil has also been indicated by 
the fact that incorporation of the analog into B. subtilis D N A decreased 
the transforming activity of the D N A for certain genetic markers (276); 
however, the extent of decrease differed for different markers and others 
were not detectably affected (260, 276). It seems evident that the analogue 
can produce deficient transfer of genetic information, but the effect is 
variable, depending perhaps on the way in which it is incorporated, and 
apparently on its localization within the polymer chain. 

In addition to base-pair errors at specific points, presence of the ana
logue might also produce other more general types of faulty replication; 
based on experiments on gene recombination in E. coli, Folsome (277) 
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has hypothesized that replication of D N A chains was "forced away" from 
genetic material containing bromouracil, either because pairing was dis
rupted or because sites along the length of the faulty DNA were unavail
able for the formation of replicas. Damage to DNA as a result of bromo
uracil incorporation has been indicated by the detection of subsequent 
chromosome abnormalities and breakage in cultured mammalian cells 
(261, 278). Damage has also been evident from bromouracil effects on 
virus infectivity; bacteriophage which had incorporated bromouracil could 
still be infective (282), but both infectivity and virulence were markedly 
decreased (6, 220, 281, 232), and the loss was greatest at concentrations 
which also produced the highest percentage of mutants (231, 232). 

Another effect of bromouracil on DNA is the marked increase in radia
tion sensitivity; this has been observed in sensitization of both bacterial 
and mammalian cells to ultraviolet or X-rays (229, 280, 286, 245, 249, 
279) and in sensitization of bacteriophage to ultraviolet (282, 259). Like 
mutagenesis, the effect occurred even when protein synthesis was partially 
inhibited by chloramphenicol (249); it could be annulled by thymine or 
thymidine (280, 282) and could be shown to correlate with the extent of 
bromouracil incorporation into DNA (280, 249). In mammalian cells the 
bromouracil labeling was followed from the density of the extracted DNA 
in cesium chloride; it was concluded that the analogue partially replaced 
thymine in both strands of DNA and that labeling in both strands was 
necessary for marked sensitization (249). The data are difficult to inter
pret, however, since the cultures were not synchronized and the isolated 
DNA showed heterogeneity. E. coli with DNA presumably labeled in 
only one strand exhibited a sensitivity to X-rays intermediate between 
that of controls and cells with "doubly-labeled" DNA (279). In bacterio
phage, sensitization to ultraviolet was apparent in presumably single-
stranded phage φΧ174, but not in double-stranded phage T2 (259). Radio-
sensitization was not hereditary and was lost again in subsequent exposure 
to thymine (230, 249) ; it did not increase with repeated cycles of analogue 
incorporation aimed at allowing the possible accumulation of DNA altera
tions (280). Thus, incorporation of bromouracil in these cases appeared to 
produce no lasting effect on the cells, and the radiosensitization would 
seem to depend simply upon the presence of the analogue in the DNA 
molecule. Bromouracil-labeled DNA extracted from B. subtilis and puri
fied by density gradient centrifugation was also radiosensitive just as were 
intact cells (245). 

Alteration or inhibition of DNA replication would appear to be the 
primary mechanism of bromouracil antimetabolite activity in growing 
cells. In both bacterial and mammalian systems, growth, as measured by 
cell division, has been found to be inhibited, while RNA and protein syn-
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thesis continued, and irreversible changes representing a kind of unbal
anced growth were thus induced (179, 222-226, 228, 238, 280). In the 
systems examined there were no observed effects on such aspects of cell 
metabolism as respiration and glycolysis (238). Incorporation of the ana
logue was localized in the nucleus (223, 226), and the effects could be 
correlated with its incorporation into D N A (222-226, 228). A time lag 
has often been observed in the appearance of these effects, and the availa
ble evidence indicates that the incorporation did not necessarily interfere 
with the first duplication of D N A or even with initial cell division, but 
that eventually further D N A replication was prevented (175, 179, 224, 
226, 228, 280-282). One doubling could apparently proceed in the absence 
of R N A and protein synthesis (280); it is not clear whether presence of 
the analogue in the polymer could then inhibit further replication of the 
chain or whether the inhibition would be mediated by some secondary 
effect, as on the synthesis of R N A or protein postulated to be necessary 
for initiation of a new round of D N A replication (283). As already noted, 
total protein synthesis remained largely unaffected in bromouracil-inhib-
ited cells and in bromouracil-induced mutants. However, such tautomeric 
mutations have been correlated with alterations in the properties of certain 
specific proteins such as lysozyme (284, 285). Also, bromouracil has been 
found to inhibit antibody synthesis (286). The way in which "bromouracil 
affects coding is still largely unexplored; this question can undoubtedly 
best be answered by further studies in which there is hope of correlating 
alterations in the D N A with specific effects on R N A and protein synthesis 
and structure (cf. 275). 

In certain systems bromouracil could actually to some extent or in 
short-term effects replace thymine in supporting cell growth and even in 
reversing inhibitions by other pyrimidine antagonists (6, 10, 224, ^83, 
287); in some cases this might simply reflect the time lag for observable 
effects of the analogue. However, cells also apparently differ in their 
tolerance to bromouracil-containing D N A and in some systems D N A 
could continue to replicate for long periods of time despite extensive 
replacement of thymine by the analogue (224, 249, 261). This "resistance" 
could develop gradually within the culture (249, 261), but was not equiva
lent to a mutation since there was no evidence for its stability in the ab
sence of the analogue. Thus, mouse L M cells in culture exhibited chromo
some breakage when first exposed to bromodeoxyuridine, but after longer 
exposure to the analogue this breakage decreased in frequency and growth 
resumed, although the D N A showed extensive labeling with bromouracil 
(261). A similarly bromodeoxyuridine-resistant line of bone marrow cells 
appeared to be "normally" labeled with bromouracil in its D N A (up to 
45% replacement of thymine) but was nevertheless not deficient in colony-
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forming capacity; the label was lost from the DNA if the analogue was 
removed and the cells were placed on thymidine (249). The cells were 
abnormally sensitive to radiation and perhaps possessed other unrevealed 
defects, but the presence of "fraudulent" D N A containing bromouracil 
did not apparently inhibit cell division or growth over appreciable periods 
of time. The mechanism by which the DNA of such cells would remain 
functional is indeed a subject for speculation and serves to emphasize as 
yet unexplored facets of this analogue. 

2. 5-BROMODEOXYCYTIDINE 

In studies to date bromodeoxycytidine has appeared to act primarily 
by conversion to bromodeoxyuridine. The compound inhibited D N A syn
thesis and produced unbalanced growth in E. coli (288), was mutagenic 
in bacteriophage (288), and was toxic to mammalian cells in culture (289); 
in each case the effects resembled those of bromodeoxyuridine and were 
decreased by thymidine. In all of these systems the D N A synthesized con
tained appreciable quantities of bromouracil, but no detectable bromo-
cytosine. Chemically prepared bromodeoxycytidine triphosphate has been 
shown to react readily with purified D N A polymerase from E. coli, replac
ing cytosine in the reaction (240); however, no such incorporation into 
D N A was evident in intact cells. This could be due to lack of the neces
sary kinases for synthesis of the triphosphate, as with dUMP (see Section 
I I ) , or could result from too rapid deamination to bromodeoxyuridine; in 
E. coli this deamination was shown to be very rapid (288). 

3. 5-IODOURACIL 

Antimetabolite properties of 5-iodouracil resemble those of the bromo 
derivative and this analogue can similarly replace thymine in DNA (6, 
10). Iodouracil inhibited bacterial growth (220, 222, 227, 290); as with 
bromouracil, the effects were associated with the substitution for D N A 
thymine and were maximal when capacity for thymine anabolism was 
greatest (220, 222, 227). Iodouracil could be converted to iododeoxyuri-
dine by pyrimidine nucleoside phosphorylase from horse liver (88), but 
the free base was, nevertheless, relatively inactive in mammalian systems 
(291). The analogue was rapidly and extensively catabolized by dehalo-
genation (292-295) with the formation of uracil (293) ; the base could also 
be reduced before dehalogenation by dihydropyrimidine dehydrogenase 

Iododeoxyuridine has been prepared (291, 296) and found to be a 
potent inhibitor in microorganisms (291) and in several mammalian sys
tems (226, 291, 292, 296). In Ehrlich ascites cells in vitro, iododeoxyuri-
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dine inhibited the utilization of various precursors of D N A thymine 
(orotic acid, formate,-and thymidine itself) (291, 297), and in several sys
tems effects of the analogue were competitive with those of thymidine 
(291-298, 296, 297). In tumor and normal cells in vivo (294, 298, 299) and 
in a variety of mammalian cell lines in culture (228, 226, 292, 296), iodo-
deoxyuridine was incorporated into D N A ; such incorporation represented 
replacement of thymidine in the polymer chain (223, 226, 292). Synthesis 
of D N A thymine appeared to be primarily blocked at some point beyond 
the mononucleotide; iododeoxyuridine inhibited dTMP incorporation into 
D N A in a cell-free system containing the relevant kinases and D N A 
polymerase (800), and in ascites cells in vitro, iododeoxyuridine inhibited 
the incorporation of thymidine into dTDP, dTTP, and DNA, but had 
little effect on the conversion to dTMP (802). 

Effects of the incorporation into D N A are similar to those with bromo
uracil. Iodouracil exhibited similar mutagenic effects (6, 10, 231, 282), 
but "hot spots" of mutagenesis have not been mapped. Incorporation into 
bacteriophage D N A resulted in the production of noninfective particles 
(220, 222). Iodouracil or iododeoxyuridine sensitized E. coli to both ultra
violet (230, 286) and to X-rays (279) and sensitized mammalian cells to 
ultraviolet (249); the effects were less than those produced by bromo
uracil, but, in the cases examined, iodouracil also replaced a smaller per
centage of D N A thymine (280, 286). These radiosensitization effects have 
opened new possibilities for the potentiation of radiotherapy of tumors 
(295). Inhibition of normal D N A synthesis is apparently the primary 
antimetabolite activity of iodouracil in growing cells. Mammalian cells 
exposed to moderate levels of iododeoxyuridine were able to divide once, 
but further cell division was impaired (292, 296) (cf. bromouracil); in 
L5178 cells one doubling replaced about one-third of the D N A thymine 
with iodouracil (292). Higher levels of the analogue inhibited even initial 
division (296, cf. 249). In exploring the inhibition, Mantsavinos found 
that incorporation of iodouracil did not decrease the capacity of D N A to 
serve as primer in the enzymic synthesis of new D N A (808); however, if 
D N A represents a heterogeneous population of molecules, the observed 
activity might not necessarily have been due to iodouracil-containing 
DNA. 

Iododeoxyuridine was observed to have activity against neoplastic cells 
in vivo (295, 801, 304) and in vitro (226, 292, 296); this activity was re
duced by thymidine. The rapid catabolism would seem to be a clinical 
drawback to the therapeutic effectiveness of the compound, although the 
iodide ion might be expected to produce less toxicity than, for example, 
free bromide (295, 801). There have been some reports of potentiation by 
iododeoxyuridine of the antitumor activity of fluorodeoxyuridine (805, 
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306); somewhat less potentiation by bromouracil and bromodeoxyuridine 
was observed. Iododeoxyuridine suppression of dTMP anabolism com
bined with fluorodeoxyuridine inhibition of dTMP synthesis from dUMP 
would represent an example of synergism by sequential blocks of a bio-
synthetic pathway. Also, competition between fluorodeoxyuridine and 
the other halogen analogues for catabolic enzymes might prolong the 
existence of active levels of fluorodeoxyuridine. Although iododeoxyuri
dine alone was not a growth inhibitor for E. coli K-12, it produced potent 
growth inhibition when combined with low, almost noninhibitory concen
trations of fluorodeoxyuridine; bromodeoxyuridine and chlorodeoxyuri-
dine behaved similarly (287). 

4. 5-CHLOROURACIL 

Like the bromo- and iododerivatives, chlorouracil inhibited thymine-
requiring E. coli and was incorporated into D N A by replacement of thy
mine (220, 222, 227, 287); chlorodeoxycytidine was similarly active, pre
sumably by deamination to chlorodeoxyuridine (807). Chlorouracil was 
mutagenic in bacteriophage (282) and incorporated into phage D N A (6), 
and it could substitute for thymine in antagonizing sulfa inhibition in 
Proteus mirabilis (233). Thus, in several systems, chlorouracil appeared 
to function as an analogue of thymine in incorporation into DNA. 

However, unlike bromouracil, chlorouracil was also a potent inhibitor 
of nonthymine-requiring E. coli((B/r), and this inhibition was completely 
annulled by uracil but unaffected by thymine (222). Even in thymine-
requiring E. coli (15T~), both thymine and uracil were necessary to re
verse chlorouracil inhibition (222), and the chloroanalogue was also in
corporated in small amounts into R N A in this strain (6). In E. coli K-12, 
which does not require exogenous pyrimidines, chlorodeoxyuridine was 
nine times more effective than bromodeoxyuridine as a growth inhibitor, 
and its inhibitory effects were reduced by both uridine and deoxyuridine 
but not by thymidine or dTMP (287). Chlorouridine did not suppress 
thymidine incorporation into mammalian D N A (239), and observed in
hibitory effects of this derivative on virus proliferation were reversed by 
uridine (10). These data thus suggest activity of chlorouracil both as a 
thymine analogue and as a uracil analogue. 

5. 6-AzATHYMINE 

6-Azathymine and its deoxyribonucleoside inhibited bacterial growth, 
apparently as antagonists of thymine; however, in contrast to the halo-
genated thymine analogues, the inhibition was evident not only in cells 
using preformed thymine but also in cells utilizing de novo thymine syn-
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thesis (10). In S. faecalis, azathymine was converted to azathymidine (808) 
and further anabolized and incorporated into DNA (309); the incorpora
tion represented a replacement of thymine which was appreciable (12-
18%) under certain conditions. However, such incorporation was not 
clearly implicated as the primary factor in the antimetabolite activity; 

incorporation occurred even in noninhibited cultures, and, even with 
appreciable incorporation, viability fell off only slowly, in a manner equiv
alent to that in thymine deficiency (309). On the other hand, if the ana
logue was added during exponential growth, it proved to be rapidly lethal 
in the virtual absence of incorporation into D N A (only 1.2% of D N A 
thymine replaced); such cells showed a much greater accumulation of 
azathymine derivatives in the acid-soluble fraction. It was therefore 
postulated that azathymine might exert a primary antagonism of thy
mine metabolism or function at some point prior to the incorporation into 
DNA (309). 

Azathymidine was an effective competitive inhibitor of a trans-N-
glycosidase 50-fold purified from Thermobacter acidophilus (310). The ana
logue inhibited transfer of deoxyribose to adenine from either thymidine, 
deoxyuridine, or deoxycytidine, but did not itself serve as deoxyribose 
donor. It did not inhibit the reverse transfer from deoxyadenosine to thy
mine, and the free base, azathymine, had no effect on this reaction in 
either direction. This inhibition is not necessarily involved in microbial 
inhibition by azathymidine; the analogue inhibits various bacterial species 
which do not possess detectible £rans-iV-glycosidase activity (310). 

Inhibitory effects in mammalian cells have been found to be exerted by 
azathymidine but not by the free base (311, 812). Azathymidine synthesis 
(but not cleavage) was, to a limited extent, catalyzed by a partially puri
fied nucleoside phosphorylase preparation from Ehrlich ascites cells (33, 
85), but such anabolism is apparently minor in mammalian cells. Azathy
mine was converted to both the riboside and deoxyriboside by a soluble 
fraction from mouse liver, but neither the free base nor its nucleosides 
inhibited the synthesis of thymine nucleosides in the same system (813). 
The free base is probably extensively catabolized, and the enzymes re
sponsible may be the same as those active for uracil and thymine degra
dation (Eq. 3). Azathymine inhibited the enzymic degradation of uracil 
by a cell-free system from rat liver (809), and animals given azathymine 

Ο 
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excreted amounts of undegraded uracil (809, 818). Azathymine also inhib
ited fluorouracil catabolism (155), an effect which may be important in 
the potentiation by azathymine of the antileukemic activity of fluoro
deoxyuridine (814, 815). 

Incorporation of labeled azathymidine into mammalian D N A has not 
yet been explored, and such studies would, of course, be valuable. How
ever, antagonism of thymidine incorporation into D N A has not been indi
cated as a primary mechanism of action of the analogue in mammalian 
cells. At concentrations tested, azathymidine did not inhibit incorporation 
of labeled thymidine into DNA in tissue slices, and was much less effec
tive than bromodeoxyuridine in this respect (289). Azathymidine inhibi
tion of thymidine incorporation in bone marrow cells (811) and Ehrlich 
ascites cells (816) in vitro was evident only at very high ratios of azathymi
dine to thymidine (1000-2000 to 1). The incorporation of formate (312, 
816) or of adenine (816) into D N A was more inhibited, which might sug
gest some general interference with DNA synthesis. Similar inhibition of 
DNA synthesis has been noted with other normal deoxyribosides (316-
819), perhaps exerted as interference by the triphosphate derivatives with 
deoxyribonucleotide biosynthesis (244, 819); it is interesting to speculate 
that azathymidine could have a site of action at this level in control over 
DNA synthesis. For example, dTTP has been found to inhibit the con
version of CDP to dCDP (244)) and the azathymidine nucleotide might 
mimic the thymine derivative in such inhibition. The effects of azathymi
dine and its nucleotide derivatives on biosynthesis of deoxyribonucleo-
tides should certainly be tested. 

D. Other Pyrimidine Analogues 

1. 5-NlTROURACIL 

Inhibition of microbial growth by 5-nitrouracil was prevented by thy
mine (290, 320, 321) and, apparently, by 5-bromouracil (820), and uptake 
of nitrouracil into bacterial cells was greatly reduced by these compounds 
(822). The analogue was not itself incorporated into DNA (821, 822). 

Nitrouracil exhibited the unexpected property of stimulating the de
velopment and mitotic activity of certain plant seedlings (cf. bromoura
cil) (256, 257). The pyrimidine analogue was not anabolized to nucleo
sides, nucleotides, or nucleic acids in such plant systems (254), and it 
appeared that stimulation of DNA synthesis might have resulted from 
inhibition by nitrouracil of the degradation of the normal pyrimidines 
uracil and thymine (255). Nitrouracil was found to be slowly degraded 
in extracts of rat-liver acetone powder and appeared to competitively 
inhibit the degradation of uracil (253). 
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2. 5-AMINOURACIL AND 2-THIOTHYMINE 

Inhibition of microorganisms by these analogues was also prevented by 
thymine (290, 323), and they behaved as thymine antagonists in produc
ing filament formation in E. coli 15T~ in a thymine-supplemented medium 
(323). They were not, however, incorporated per se into D N A (322) al
though bacterial deoxyribonucleoside phosphorylase could convert both 
analogues to their respective deoxyribonucleosides (36). Aminouracil 
served as a precursor of nucleic acid cytosine and thymine, and thiothy-
mine as a precursor of thymine. These analogues also produced signifi
cantly greater amounts of 6-methylaminopurine in E. coli D N A (323, 
824); the levels of this unusual base were similarly increased by bromo
uracil or simply by thymine deficiency (see also 12 and 268). 

3. 5-AMINOURIDINE AND 5-HYDROXYURIDINE 

These analogues were inhibitory in several systems (826), with effects 
which could be reversed by uridine and, in some cases, also by cytidine 
(826). Other evidence suggested that hydroxyuridine interfered With the 
utilization of uracil for R N A synthesis (827). Hydroxyuridine but not 
aminouridine could be cleaved to the free base by resting cell suspensions 
of E. coli (328). A particularly interesting effect of hydroxyuridine was 
inhibition of induced β-galaetosidase synthesis in E. coli by a concentra
tion of the analogue that had no effect on the growth rate (829). 

IV. OTHER INHIBITORS OF PYRIMIDINE NUCLEOTIDE 
BIOSYNTHESIS 

Certain types of compounds other than analogues of pyrimidine bases 
also inhibit de novo pyrimidine nucleotide biosynthesis and will be con
sidered here. These include analogues of carbamylaspartic acid, and cer
tain amino acid and coenzyme analogues that are discussed in detail in 
other chapters of this volume. Feedback inhibition by natural pyrimidines 
and by certain pyrimidine analogues is also included since the concept of 
feedback regulation of biosynthetic pathways is of fundamental impor
tance. 

A. Carbamylaspartic Acid Analogues 

The first reaction peculiar to pyrimidine biosynthesis is the formation 
of carbamylaspartic acid from aspartate and carbamyl phosphate (Eq. 1). 
Observations on β-methylaspartate as an aspartic acid antagonist have 
been mentioned above (Section I I ) . Growth inhibition by this compound 
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could be overcome by dihydroorotic acid and, to a lesser extent, by carba-
mylaspartate ; however, orotic acid, uracil, and other pyrimidines did not 
prevent the inhibition (22). It is not clear, therefore, whether or not the 
observed inhibition resulted only from inhibition of pyrimidine synthesis. 
Further study of aspartic acid analogues in this context should prove 
interesting. 

Smith et al. (830) synthesized analogues of carbamylaspartate and 
studied their effect on the net conversion of carbamylaspartate-C

14
 to 

orotic acid (Eq. 1). As tested in preparations from two different tissue 
sources, the following compounds were observed to inhibit this system at 
high concentrations: carbamylglutamic acid, carbamylcysteic acid, a-
ureido-jft-methylsuccinic acid, carbamylcysteinesulfinic acid, and car-
bamylasparagine. The first three compounds appeared to be competitive 
inhibitors of dihydroorotase in sonicates of E. coli B. It will be of interest 
to see whether these analogues prove to be effective inhibitors of pyrimi
dine biosynthesis in vivo. 

B. Glutamine Analogues 

O-Diazoacetyl-L-serine (azaserine) and 6-diazo-5-oxo-L-norleucine (DON) 
are generally considered to be glutamine antagonists. They are potent in
hibitors of glutamine-requiring amination reactions, especially in the bio
synthesis of purines (8,11) and also in the conversion of uridine nucleotides 
to cytidine nucleotides (see Section I I ) . Thus, DON inhibited the synthe
sis of cytidine nucleotides from carbamylaspartic acid or orotic acid in 
normal rat tissues and in tumors (331-333); azaserine was somewhat less 
inhibitory (331). The inhibition could also be demonstrated in soluble 
enzyme systems for both mammalian (41, 334) and bacterial (42) sources. 

C. Folic Acid Analogues 

These analogues are considered in detail in another chapter. The pro
found inhibition of thymidylate synthetase (Eq. 13) by folic acid ana
logues has been considered to be a consequence of their inhibition of folic 
acid reductase, which catalyzes the synthesis of tetrahydrofolic acid (385). 
Inhibition of dTMP synthesis has been observed to interfere with DNA 
synthesis and to produce a form of unbalanced growth (179). 

D. Feedback Inhibitors 

1. FEEDBACK INHIBITION BY NATURAL PYRIMIDINES 

Two distinct mechanisms for negative feedback inhibition of pyrimi
dine biosynthesis were discovered by Yates and Pardee (836-338) : (a) in-
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hibition of enzyme activity by a normal end product in the metabolic 
sequence and (b) specific inhibition of enzyme synthesis (repression) by a 
normal end product. Both mechanisms appear to be general phenomena 
in the regulation of enzyme activity and enzyme synthesis; this subject 
has recently been discussed in detail (201). 

Cytidine or CMP inhibited the activity in vitro of aspartate carbamyl-
transferase (Eq. 1) from E. coli) inhibition by natural pyrimidines was 
specific for these two compounds, and cytosine, uracil, uridine, and UMP 
were inactive. These inhibitory effects were originally studied in crude 
enzyme systems. Shepherdson and Pardee (389) recently succeeded in 
purifying and crystallizing asparate carbamyltransferase; the highly puri
fied enzyme was also inhibited by cytosine compounds, particularly by 
CTP, and this inhibition appeared to be competitive with asparate (10, 
340). The competitive aspect of this inhibition is not understood; it is 
evident that the enzyme inhibitors are not closely related structurally to 
the normal substrate of the enzyme reaction. 

CMP inhibition of asparate carbamyltransferase was eliminated by 
treatment of the enzyme with p-hydroxymercuribenzoate, whereas capac
ity for the normal enzymic reaction was stimulated some 50% by such 
treatment (340); mild heat treatment, heavy metals, and aging had a 
similar effect. One possible implication of this finding is that the active 
site for enzyme activity could be distinct from the binding site for feed
back inhibition. Other examples of this phenomenon have recently been 
described (201). 

In addition to end product inhibition of asparate carbamyltransferase 
activity by cytosine derivatives, the synthesis of this enzyme in E. coli 
was repressed by metabolites derived from uracil (327). When E. coli cells 
were incubated in the presence of uracil, the specific activities, in the cell 
extracts, of the transferase and of two other enzymes of pyrimidine bio
synthesis, dihydroorotase and dihydroorotic acid dehydrogenase, were 
markedly depressed. Depletion of pyrimidines in the medium resulted in 
increased specific activities of all three of these enzymes; in the case of 
aspartate carbamyltransferase the increased activity was shown to be 
due to the formation of additional enzyme protein rather than to enzyme 
activation (837). In these studies with intact cells, it was not possible to 
identify the metabolites responsible for the repression. 

Brooke, Ushiba, and Magasanik (341) also observed inhibition of py
rimidine biosynthesis by end product pyrimidines in mutants of Aerobacter 
aerogenes; the exact nature of the inhibition was not defined in these 
intact cell studies, and it appears that both enzyme inhibition and enzyme 
repression mechanisms would be possible in this case. 

In mammalian preparations, UMP was a more effective inhibitor of 
carbamylaspartate synthesis than was CMP (842), but a number of py-
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rimidine compounds showed activity. Dihydroorotase activity in these 
preparations was also inhibited by a variety of natural pyrimidines; oroti
dine, uridine, cytidine, and CMP appeared to be the most effective under 
the experimental conditions used (842). 

With a partially purified enzyme from yeast (109) and with an enzyme 
from liver (848) UMP inhibited the decarboxylation of OMP to UMP. 
This has been classified as a feedback effect rather than product inhibition 
of the reaction since the decarboxylation of OMP is irreversible. In an 
extension of these studies it was shown that not only UMP but also CMP, 
AMP, and GMP inhibited purified yeast OMP decarboxylase, apparently 
competitively (844)) a partially purified preparation of the liver enzyme 
was inhibited by UMP and by high levels of CMP but not by A M P and 
GMP. These results suggest additional mechanisms by which de novo 
pyrimidine nucleotide synthesis might be regulated. 

Inhibition of the biosynthesis of certain deoxyribonucleotides by dATP, 
dGTP, and dTTP might also be considered a type of feedback inhibition 
(see 244 and 819). 

2. FEEDBACK INHIBITION BY PYRIMIDINE ANALOGUES 

Pyrimidine analogues presumably produce feedback inhibition by mim
icking normal metabolites. 6-Azauracil in high concentrations repressed 
the synthesis of asparate carbamyltransferase in E. coli (887), and 2-
thiouracil also appeared to mimic uracil to produce feedback inhibition 
in this organism (845). Other pyrimidine analogues have been reported 
to inhibit the activity in vitro of certain of the enzymes of pyrimidine 
biosynthesis. Thus, 5-fluorouracil, 6-azauracil, and 6-azauridine in high 
concentrations inhibited asparate carbamyltransferase activity in crude 
sonicates of Ehrlich ascites cells (842); fluorocytidine was found to be 
more active than cytidine or CMP as an inhibitor of this enzyme in E. 
coli Β sonicates (846). 5-Fluoroorotic acid competitively inhibited dihy
droorotase activity in this E. coli preparation (846); this analogue was 
also one of the most effective inhibitors of dihydroorotase in the tumor 
system (842). In this latter system higher concentrations of fluorouracil, 
azauracil, azauridine, and azacytosine also inhibited dihydroorotase. Thus 
certain of the pyrimidine analogues may have the capacity to inhibit de 
novo pyrimidine synthesis and at the same time to act as antagonists of 
pyrimidine utilization and function. 
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