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IN this review an attempt will be made to illustrate the uses and potential 
uses of antifolic acids and antipurines in chemotherapy. These two 
types of agent can probably be best defined, in brief, by referring to their 
ability to inhibit the growth of various organisms ; this inhibition can be 
prevented or reversed by the addition respectively of folic acid (I) or 
one of the natural purines, usually adenine (11; R' = NH,, R" = H) 
or guanine (I1 ; R' = OH, R" = NH,). Antagonism experiments in 
small animals have proved difficult to assess accurately, and the most 
commonly employed organisms are bacteria, e.g., Lactobacillus casei, 
Streptococcus faecalis and Escherichia coli. By their use we can ascertain 
whether the ratio of the potential antagonist to the amount of folic acid, 
or the purine, required to relieve inhibition remains roughly the same 
whatever the actual concentrations of the antagonistic substances. In 
this instance a true competitive antagonism would exist and, when present, 
constitutes usually the best available evidence for a true folic acid or 
purine antagonist, since when the antagonism is irreversible or not 
competitive, we do not know whether the metabolite is essentially involved 
or not, although the bacteria concerned may normallyrequire folic acid or a 
purine for growth. It must be emphasised that these simple and ideal 
conditions seldom, if ever, apply wholly in practice, and they are here 
used mainly as an illustration of the principle of competitive antagonism 
and the logical criterion for its presence. For an example of the detailed 
treatment of this subject the reader may be referred to reference 1. In 
this review, except where stated, only reversible antagonisms will be con- 
sidered. 

FOLIC ACID ANTAGONISTS 
Antifolic acids and antipurines are logically related, since recent work 

on the biosynthesis of nucleic reveals the essential role of folinic 
acid (Citrovorum factor) in the synthesis of their purine constituents. 
This derivative of folic acid is necessary for the synthesis of glycinamide 
ribotide, and at a later stage the ring closure of 5-amino-4-iminazole- 
carbonamide ribotide. Folinic acid (5-formyl-5 : 6 : 7 : 8-tetrahydropteroyl- 
glutamic acid, 111) is formed from folic acid, and it has been shown that, 
for example, the two powerful antifolic acids, aminopterin (IV ; R=NH,, 
R '  = H) and amethopterin (Methotrexate IV; R = NH,, R" = Me) 
inhibit growth by preventing the conversion of folic to folinic acid in 
various organisms. In these cases also there is probably a direct inter- 
ference with folinic a ~ i d ~ - ~ .  

The first chemotherapeutic developments in this field were the successful 
use of aminopterin and Methotrexate in inducing in some proportion, 
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remissions in children with acute 1eukaemialO. Rather less useful are 
the folic acid analogues which contain a hydroxy group in the 4-position, 
e.g. (IV ; R = OH, R" = Me) and they have now fallen out of general 
clinical use. In general, the clinical effect of these antifolic acids is 
reflected in experiments with leukaemia in micel1-l5. The fact that the 
clinical use of antifolic acids does sooner or later induce a drug resistance 
is a serious disadvantage. This effect has been alleviated in experimental 
leukaemias by the combination of two drugs which do not show cross- 
resistance, e.g., by the use of 6-mercaptopurine (vide infra) with Metho- 
trexate16. Similar clinical attempts have so far been promising. 

The field of the antifolic acids may still, nevertheless, be worth cultivat- 
ing further, since Farberl' has found that drugs of the Methotrexate type 
have produced impressive improvement in rhabdomyosarcoma, Hodgkin's 
disease, lymphosarcoma, neuroblastoma and chronic lymphoid leukaemia. 
Also, ColskylS reported improvement in carcinoma of the breast treated 
with Methotrexate. 

Amongst simpler types of folic acid analogues which have yielded, at 
the least, significant antifolic activity, are the 6 : 7-substituted diamino- 
pteridines (V). In this type R' and R" have been phenyl or substituted 
pheny119120, R phenyl or substituted phenyl and R '  aminoz1 or R and 
R" have both been alkyl or aralkyl, or R' aryl and R '  alky1z2-24. Anti- 
folic acid activity has also been found in more complex types, for example, 
the naphthopteridine (VI)25326 and the indolopteridines (VII ; R = a l k ~ l ) ~ ~ - ~ ~ .  
None of these types has yet yielded compounds of value in leukaemia, 
but high antimalarial activity has been found in some of the 2 : 4-diamino- 
6 : 7-dialkylpteridines and 2 : 4-diamino-6-aryl-7-alkylpteridines ; e.g., 
V (R' = anisyl, R" = isopropyl) which equals proguanil (Paludrine) in 
activity. But for the emergence of the pyrimidine derivative pyri- 
methamine (Daraprim, vide infra), a drug of wide usefulness clinically 
would probably have arisen from this series. 

Another potentially interesting type of activity was found both in the 
6 : 7-dialkyl-2 : 4-diaminopteridines and in the indolopteridines, (e.g., 
VII; R = Me) where substances with high activity in vitro against 
Vibrio cholerae were found. 

High antifolic and antimalarial activity has also been found in structures 
,simpler than pteridines, viz., the 2 : 4-diamino-5-chlorophenyl pyrimi- 
dinesz7 (e.g., VIII), and the 4 : 6-diamino-l-chlorophenyl-l : 2-dihydro- 
triazines (e.g., IX)28-32. 2 : 4-Diamino-5-3' : 4'-dichlorophenyl-6-methyl- 
pyrimidine (VIII ; R = Me) resembles aminopterin and Methotrexate 
in its antifolic acid properties, but it has had only slight success in the 
treatment of acute leukaemia in children33 and seems to be inferior to 
Methotrexate owing to its toxicity. Slight inhibition of growth of the 
mouse sarcoma 180 has been caused by this type of compound where 
the methyl group is replaced by hydrogen, ethyl or n-amyl groups34. 
Of much greater clinical interest in this group is ~yrimethamine~~ 
(Daraprim, VIII; R = CzH5), a widely used antimalarial drug. 

The series of dihydrotriazines (e.g., IX), studied by Modest and Foley 
and their collaborators, are non-competitive inhibitors of folic acid and 
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folinic acid. Although active against experimental leukaemias, clinical 
experiments with these compounds have been found unpromising possibly 
because an adequate dose cannot be t ~ l e r a t e d ~ ~ .  The series has provided 
many compounds active against experimental r n a l a ~ i a ~ ’ ? ~ ~  and experi- 
mental turn our^^^, but although compound IX is the active metabolite4@ 
of the widely used antimalarial proguanil (X), and has been found to be 
more active in experimental animals, its clinical use is at least uncommon, 
and the same applies to the other members of the series. 

Recently discovered antifolic acids are the amino-5-arylazopyrimidines 
( X I )  and the amino-8-aryl-8-azapurines (XII)1r41. In neither series is 
activity high. Of the arylazopyrimidines the 2’ : 4‘-dibromophenyl- and 
the I5-naphthyl-analogues were the most active, having about 1 /300th the 
activity of Methotrexate. The most active of the 8-azapurines was the 
2’ : 4‘-dibromophenyl-analogue which had 1/60th of the activity of 
Methotrexate, tested with Str. faecalis. However, antifolic acid activity 
associated with the 8-azapurine structure is apparently a new observation. 
The possibility that folic acid fulfils an essential role in the multiplication 
of viruses has not been neglected. Psittacosis virus (6BC) in chick 
embryonic tissue was inhibited by aminopterin, Methotrexate and amino- 
an-fol, which is an analogue of aminopterin (IV; R‘ = NH,, R” = H} 
differing only by the substitution of an aspartic acid for the glutamic 
acid moiety. Since the inhibition caused by the last two compounds 
was annulled by Citrovorum factor, there is evidence that the effect 
arises from a direct interference with the folic acid metabolism of the 
virus41a. 

ANTIPURINES 
In the field of antipurines the number of compounds and types of 

structure discovered with appreciable activity has been much smaller 
than amongst the antifolic acids. The first example to show any marked 
activity as an antagonist of adenine in L. casei was 2 : 6-diaminopurine 
(XI11 ; R’ = R“ = NH,#Ib. The clinical trials4, in leukaemia were 
disappointing, although a significant effect had been observed on a 
transplanted mouse l e ~ k a e m i a . ~ ~  

At about this time the antiguanine activity of 8-azaguanine (XIV; 
R‘ = OH, R” = NH,) was discovered with Tetrahymena as the organism,44 
but clinically its effect has been disappointing in trials spread over some 
six years, and its attempted use seems to have been abandoned. 

Of the simple purines, 6-mer~aptopurine~~ (XI1  ; R = SH, R” = H) 
is by far the most interesting since it is the drug of choice in the treatment 
of acute leukaemia in Also it is effective in children and in 
those instances in which resistance has been induced to the antifolic 
acids and to cortisone. It is also of some value in chronic myeloid 
leukaemia. 6-Chloropurine (XIII; R = C1, R” = H) has been tried 
clinically in chronic and acute leukaemia without marked success4’. 
Similarly, trials of 2-amino-6-mercaptopurine (XIII ; R’= SH, R’’=NH,)47 
and purine itself (XIII, R’ = R ’  = H), which is an adenine antagonist, 
have revealed, at most, no advantage over 6-merca~topurine~~. 
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The most complex antipurine of any so far produced is puromycin, 
6-dimethylamino-9-(3’-p-methoxy- ~-phenylalanyl-amino-3’-deoxy- D-ribo- 
sy1)purine (XV). This evinces an antiguanine action in E. ~ o l i ~ ~  and it 
has been shown that its trypanocidal action in T. equiperdum was due to 
interference with the purine metabolism of the parasite49. This trypano- 
cidal action was reversed by adenine and other purines5O. After showing 
activity against experimental tumours and leukaemias, all clinical trials 
in various malignant diseases were disappointing ; but effectiveness as an 
amoebicide was uncovered first in guinea pigs52 and then in man53. 
When the structure of puromycin was simplified by removal of the 
p-methoxyphenylalanyl residue (at the dotted line shown in XV) the 
amine obtained, 6 -dimethylamino - 9- (3’-amino- 3’- deoxy -D- ribosyl) 
purine was similar to puromycin in its activity against experimental 
tumours and trypanosomiasis. Like puromycin, this compound has 
not so far shown promise in clinical trials with malignant disease. 

New types of purines and azapurines have recently been synthesised 
as potential anti purine^^^ on the hypothesis that cyclic substituents in 
the 9 position might be of value since they bear a spacial relation to the 
furanose ring (cf. XVI) which appears, in the form of the phosphate 
ester, as a stage in the normal biosynthesis of the hypoxanthine and 
presumably other purine moieties in ribonucleic acid, and possibly as 
the deoxy form in deoxyribonucleic acid. 

The formulae XVII to XIX illustrate four active compounds, all of 
them showing essentially an antiguanine type of activity when tested with 
E. C O Z ~ ~ ~ .  The azapurine (XVII) is about three times as active in this 
respect as is 6-mercaptopurine. The other compounds are less active; 
XVIII (R = Me or €3) also show a less competitive type of action 
than does XVII, and XIX has a less competitive kind of inhibition than 
XVIII. 

Of purine analogues, a little more removed from purine in structure, 
a series of thiazolopyrimidines (3 : 4 : 6-triaza-I-thiaindenes) (e.g., XX) 
and a series of pyrazolopyrimidines (1 : 2 : 5 : 7-tetrazaindenes) (XXI) have 
yielded active compounds. In the 1 : 2 : 5 : 7-tetrazaindene series5’ 
activity against those experimental tumours usually susceptible to the action 
of antipurines has been found58. In E. coli, XXI (R = Me) is about 
three times weaker than 6-mercaptopurine as an antiguanine, and had 
very little adenine activity59. Very recently, partially competitive anti- 
guanine activity has been found in the 8-thiapurine derivative XXIIBo. 
Also, in the 2-azapurine series, 2-azaadenine (XXIII ; R = NH,) and 
2-azahypoxanthine (XXIII ; R = OH) are antipurinesB2. 

Benziminazole (XXIV) and its derivatives and benzthiazole (XXV) 
and benztriazole (XXVI) are the antipurines furthest removed from a 
structural analogy with purine. Benziminazole was first found to have 
anti-adenine activity in various organismsB3, and an antiguanine activity 
in E. coZi was found later55. Benzthiazole and benztriazole were similarly 
found to be weak an t ig~anines~~.  Comparison of benztriazole with 
8-azapurine (XXV1I)l showed that the latter had a similar weak, mainly 
antiguanine, type of activity. Thus, in this instance, substitution of the 
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benzene ring by the pyrimidine ring, which is chemically very different 
and resembles much more a 2 : 4-dinitrobenzene ring, made little difference. 

Antipurines and Viruses 
It is convenient at this point to consider the effect of antipurines on 

viruses. 8-Azaguanine (XIV; R = OH, R” = NH,) has been exten- 
sively investigated and causes a marked inhibition of systemic development 
of lucerne mosaic virus in Nicotiana glutinosa, and tobacco and cucumber 
mosaic virus in cucumbers and Nicotiana SP.~~. 8-Azaadenine (XIV ; 
R = NH2, R” = H) has also some inhibitory effect on lucerne mosaic, 
cucumber mosaic and tobacco mosaic viruses. The virus inhibition by 
8-azaguanine can be reversed by spraying the plants with adenine, guanine 
or hypoxanthine indicating an antipurine mechanism for the inhibition. 
Furthermore, 8-azaguanine is incorporated into the virus nucleic 
and the infectivity of the virus was markedly reduced65. 

Vaccinia virus in tissue culture was also inhibited by 2 : 6-dichloro-8- 
hydroxypurine (XXVIII ; R = R = CI, R” = H, R”’ = OH), 2 : 6 : 8- 
trichloropurine (XXVIII; R = R’ = R”’ = C1, R” = H) and 2 : 6- 
dichloro-7-methylpurine (XXVIII ; R = R‘ = C1, R” = Me, R”‘ = H), 
but the inhibition was not reversed by normal purineP. 

2 : 6-Diaminopurine (XXVIII ; R = R‘ = NH,, R” = R”’ = H) was 
more active and its action was reversed by adenine and hypoxanthine66. 
Benz iminaz~ le~~-~~  and derivatives of benziminazole have, however, led 
to more interesting results than purine derivatives or close analogues, 
and a detailed and systematic exploration of structure-activity relations 
in this field has been carried ~ ~ t ~ ~ v ~ ~ .  By the attachment of a ribose 
moiety to the most active of the methyl and chlorine substituted benzimin- 
azoles, even more active compounds were obtained of which 4 : 5 : 6-tri- 
chloro-1 -p-D-ribofuranosylbenziminazole (XXIX) was the best, being 
760 times more active than benziminazole in the inhibition of Lee 
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influenza virus in chorio-ailantoic membrane tissue c u l t ~ r e ~ ~ ? ~ ~ .  Although 
no unequivocal evidence was obtained that the mechanism of action 
involved an antipurine or antinucleoside effect, it was thought, after 
elimination of other possible mechanisms, that the action is intracellular 
and involves disturbance of the metabolism of ribosides. It must be 
added that no purine analogue or benziminazole derivative has so far 
been successfully used clinically in a virus disease. 

Mechanism of Action of Antipurines 
A great deal of work has been directed towards elucidating the essential 

mechanism of action by which the antipurines inhibit growth. This 
may be conveniently divided into the conception of the antipurine being 
incorporated into the nucleic acid molecule, thus producing dysfunction, 
and the concept that the agent interferes initially with some enzyme 
or co-enzyme concerned in some way with growth or interferes with the 
synthesis of nucleic acid from preformed purines. The evidence suggests 
that any of these mechanisms can operate according to the particular 
antipurine and also to the organism involved. 

g-Azaguanine, and also 8-azaxanthine, are incorporated principally 
into the ribonucleic acid (RNA) of B. cereus, the azaxanthine being 
converted into azag~an ine~~ .  Incorporation into the deoxynucleic acid 
(DNA) was only slight. In both instances marked inhibition of growth 
occurred. Furthermore, comparison of the effects of 8-azaguanine, 
8-azaadenine, 8-azahypoxanthine, 8-azaisoguanine (XXX), 4-amino- 
triazole-5-carbonamide (XXXI ; R = NH,), 4-aminotriazole-5-carboxylic 
acid (XXXI ; R = OH) and 5-hydroxytriazole (XXXII) on tobacco 
mosaic virus and E. coli showed that where growth inhibition occurred, 
so did incorporation into RNA and where there was no inhibition RNA 
was not in~orporated~~. Since the evidence is strong that RNA plays, 
at least, a much bigger part in protein synthesis than does DNA, the 
comparison of the actions of these closely related compounds provides 
good evidence for associating incorporation with growth inhibition. 
Again with 8-azaguanine in E. coli, inhibition of growth does not begin 
until one to two generation times after the inhibitor has been added. 
The time lag in the onset of growth inhibition, which does not occur 
with other bacterial growth inhibitors, suggested that time was necessary 
for the accumulation of damaged and ineffective RNA before an effect 
on growth was evident. On the other hand, a comparison with the 
inhibition of growth of B. cereus by azaguanine shows that for a roughly 
equivalent amount of inhibition much less azaguanine is incorporated 
into the RNA77. This result suggests that another mechanism may be 
playing a larger part in inhibiting B. cereus than is seen with E. coli. 
This idea has been confirmed by experiments with 8-azaguanine (labelled 
with 14C at the carbon in the 4-position) and B. cereus, from which it was 
concluded that inhibition was produced either by the incorporation of 
the inhibitor into a particularly sensitive portion of the nucleic acid or 
by interference with some co - fa~ to r~~ .  Study of the effect of 6-mercapto- 
purine on the growth of E. coli showed that at low concentrations of the 
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inhibitor which produced inhibition, no effect on nucleic acid biosynthesis 
could be detected. Mechanisms other than an effect on nucleic acid 
must therefore be sought7s and the inhibitors may well interfere in some 
way with co-enzyme As0,81, pantothenic acidS1 or with diphosphopyridine 
nucleotide (DPN)s3. In this connection it should be noted that co- 
enzyme A contains an adenine moiety linked via ribose and phosphoric 
acid to the pantothenic acid amide of P-mercaptoethylamine, whilst 
DPN also contains an adenine residue linked through ribose and phosphate 
to nicotinamide. 

Hitherto there has been a tendency, when attempting to design new 
drugs intended to improve on the results so far obtained with antipurines, 
to consider only the structures of the established links in the chain of 
nucleic acid synthesis, or smaller moieties, e.g., purines, derivable there- 
from, and then to think of analogous structures which might interfere 
with their function. A probably important consequence of the recent 
evidence on the mechanism of the inhibitory action of 8-azaguanine 
and 6-mercaptopurine will be to focus more attention on the possibility 
of interfering with the action of the two co-factors mentioned above 
and also with others. 

The relation of the action of the sex hormones to the metabolism of 
folic acid and purines has received very little attention except from the 
work of Hertz and Tullners4. They found that the growth of chick 
oviduct, a tissue dependent on oestrogens, is much stimulated by adminis- 
tration of stilboestrol and folic acid and that this effect is competitively 
reversed by aminopterin, Methotrexate and 4-aminopteroylaspartic acid 
(amino-an-fol.). Similar results were obtained with the uterus of the 
sexually immature rat. Similarly an antagonism between an antipurine 
(2 : 6-diaminopurine) and adenine was demonstrated. Analogous ant- 
agonisms were observed between certain steroid  hormone^^^,^^, and the 
results of this and further work might well help to explain, for example, 
why both antifolic acids and cortisone are beneficial in acute leukaemia. 

SUMMARY 
A review of the field of antifolic acids and antipurines made with 

the intention of illustrating their use, or potential use, in chemotherapy, 
reveals drugs useful, but by no means ideal, for the palliative treatment 
of leukaemia, and the discovery of one valuable antimalarial drug, which 
is an antifolic acid. There is also evidence that an antipurine mechanism 
can be involved in trypanocidal and also in antiviral action, but successful 
clinical applications of these leads have not yet been achieved. Again, 
there is a preliminary indication that antifolic acids might perhaps be 
of some value as antiviral agents and here, as with the antipurines, 
further work will doubtless be stimulated by the enormous importance 
of a successful chemotherapy of virus diseases, which is yet to be achieved. 
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