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I. INTRODUCTION* 

The story of the sulfonamides—the discovery of the life-saving power of 
sulfanilamide, the synthesis of hundreds of its chemical relatives which 
have similar antibacterial effects, the discovery that p-aminobenzoic acid 

* Abbreviations are for the most part in conformity with those recommended by 
the Journal of Biological Chemistry, except that F A is used instead of folate-. 

Ρ A B A , p-aminobenzoic acid; P A B G , p-aminobenzoylglutamic acid; P A S , p-amino-
salicylic acid; P G A (or F A ) , pteroylglutamic acid (or folic acid) F A H 4, tetrahydrofolic 
acid; F A H 2, dihydrofolic acid; aminopterin, 4-aminopteroylglutamic acid; amethop
terin, methotrexate, 4-amino-10-methylpteroylglutamic acid; CF, citrovorum factor; 
F I G , formiminoglycine; FIGlu, formiminoglutamic acid. 
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(PABA) would nullify these effects ( ί ) , and the recognition that a gen
eralized approach to chemotherapy was indicated by this discovery (2)— 
is a well-known chapter in science. The initial findings were followed by a 
steady expansion of knowledge in this field. A new vitamin, folic acid, was 
found to contain PABA as a part of its molecule. The antibacterial effect 
of sulfonamides was shown to be due to their blocking the biological 
synthesis of folic acid in certain microorganisms and to the consequent 
slowing of the enzymic reactions in which this substance participates. 
These reactions and the enzymes that are responsible for them continue 
to be studied intensively in many laboratories. The sulfonamides and folic 
acid antagonists are among the best examples of metabolic inhibitors, and 
their effects extend through biochemistry, bacteriology, and medicine. 

The finding that sulfanilamide inhibited the growth of pathogenic bac
teria was made as a result of investigations of the chemotherapeutic effect 
of dyes by research workers in the laboratories of the I. G. Farbenindustrie. 
It has been reported that during this investigation the sulfamyl (NH2S02—) 
group was introduced into the dye molecule, para to the azo linkage, to 
increase the affinity for protein molecules (5). The first of these dyes to 
be used clinically was Prontosil (4) (I)· Shortly thereafter, it was found 

that p-amiijobenzenesulfonamide (sulfanilamide) was as active as Prontosil 
in protecting animals against streptococcal infections (£). Widespread 
medical use of sulfanilamide followed rapidly. 

This was accompanied by the chemical synthesis of hundreds of deriva
tives of sulfanilamide, and a small number of these have established them
selves firmly in medical practice on the basis of effectiveness and safety. 

The comparatively simple structure of the molecule of sulfanilamide was 
a challenge to those who sought to explain the mechanism of its antibac
terial action. Results were soon forthcoming, and in 1940 Woods showed 
that PABA would completely reverse the antibacterial action of sulfanil
amide in vitro against staphylococci. PABA was found to be present in 
yeast and other natural materials, and it was postulated that sulfanilamide 
and its derivatives could compete with the essential metabolite PABA for 
its association with an enzyme necessary for bacterial growth. The simi
larity in structure and size between the p-aminobenzoate and sulfanilamide 
ions (6) strengthened this concept. Moreover, the biological activity of 

Prontosil 

(D 
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iV'-substituted sulfanilamide derivatives was correlated with their acid 
dissociation constants, thus providing a basis for relating the similarity 
in physical state between p-aminobenzoate ion and a sulfonamide to the 
effect of the sulfonamide in displacing PABA from an enzyme surface. 

Other substances were soon found to reverse the action of sulfanilamide. 
The first of these was methionine (7, 8), and purines were shown to have 
an additional effect (9, 10). These findings appeared to indicate that 
sulfanilamide interfered with the catalytic action of PABA and thus 
blocked biochemical reactions that led to the synthesis of methionine and 
purines by the bacterial cell. The effect of sulfanilamide was hence over
come by supplying these substances. 

Work in the meantime was proceeding on the chemical structure of folic 
acid, a vitamin needed by animals and by many microorganisms. Its mole
cule, shown in Fig. 1, was found to contain PABA linked between a pteridine 

COOH 
P A B G • 

·-* Folic Acid ^ 

FIG. 1. Structure of folic acid; relationship to p-aminobenzoic acid ( P A B A ) , p-amino-
benzoylglutamic acid ( P A B G ) , and sulfanilamide. 

ring and glutamic acid (11). It seems likely that folic acid or a similar 
compound was the active substance that was formed from PABA in bac
terial cells and that sulfanilamide blocked the formation of folic acid. If 
this were the case, then folic acid should "noncompetitively" reverse the 
effects of sulfonamides, and organisms requiring folic acid in the medium 
for growth should be relatively insensitive to sulfonamides. Examples of 
these phenomena were found (8) in certain microorganisms, but other 
bacteria, including Escherichia coli, Staphylococcus aureus, and Diplococcus 
pneumoniae were sensitive to sulfonamides, and the effects of these sub
stances were not reversed by folic acid. 

The results with this latter group of microorganisms seemed probably to 
be due to their inability to absorb preformed folic acid or to convert folic 
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acid to some unidentified biologically active form of the vitamin. This 
form was assumed to be synthesized by these bacteria from PABA in the 
absence of sulfanilamide. The search for such forms and a study of their 
biochemical effects were carried out actively in various laboratories during 
the years following 1946. During this same period a number of folic acid 
antagonists, compounds that reversed the action of folic acid, were synthe
sized and studied. These various investigations led to some major findings 
in biochemistry. 

It was suggested by Tschesche (12) that sulfonamides interfere with the 
synthesis of folic acid at the stage of the combination of PABA or p-amino-
benzoylglutamic acid (PABG) with pteridine aldehyde. The effect of 
various metabolites in reversing the inhibitory effect of sulfonamides was 
studied by Shive and his collaborators in experiments with E. coli (cf. 13). 
Thymine was found to add to the reversing power of amino acids and 
purines. It was also found that the amount of PABA required to reverse 
the inhibitory effect of a given concentration of sulfanilamide for E. coli 
was diminished threefold if methionine was present and another threefold 
by the further addition of xanthine or guanine. Winkler and de Haan (14) 
further noted that the amount of PABA needed for reversal of sulfanilamide 
progressively decreased as methionine, xanthine, and serine were suc
cessively added. Finally, if thymine or folic acid was added to the above 
mixture, the requirement for PABA disappeared. These observations led 
Shive (IS) to conclude that "PABA functions in the introduction of single 
carbon units into purines, pyrimidines" (actually thymine), "serine (from 
glycine) and methionine (from homocysteine)." 

A coherent pattern has emerged into which the observations made 
prior to 1950 may now be woven. The synthesis of the folic acid coenzymes 
by autotrophic organisms includes, as suggested by Tschesche, an early 
step in which PABA combines with a pteridine. Here is the point of action 
of sulfanilamide. This step apparently leads to the production of dihydro-
folic acid. It is followed by reactions in which dihydrofolic acid is reduced 
to tetrahydrofolic acid, and this substance is converted to a series of co
enzyme compounds. These reactions are blocked by the folic acid an
tagonists. The coenzymic compounds serve as carriers of the "single-
carbon units" in the biological synthesis of the metabolites listed by 
Shive. Therefore bacterial growth which depends on the formation of these 
metabolites is halted when the synthesis of folic acid is blocked by sulfanil
amide or when its utilization is blocked by folic acid antagonists. Con
versely growth is restored by supplying these metabolites—purines, 
thymine, serine, and methionine. 

The effects of the sulfonamides and folic acid antagonists will be dis
cussed in detail in the remainder of this review. 
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II. SULFONAMIDES 

The relation of sulfanilamide to the folic acid molecule is pictured in 
Fig. 1, which shows the close structural relationship between the PABA 
group and sulfanilamide. It can be seen that in folic acid, PABA is present 
as a substituted p-aminobenzoic acid amide, and sulfanilamide differs only 
in that it is p-aminosulfonic acid amide. 

A few examples of medically useful sulfonamides, and other PABA 
analogues, together with certain drugs which have structures related to 
the sulfonamides, but are not antimetabolites of PABA, are illustrated in 
Table I . The structural relationship of Prontosil to sulfanilamide is ap
parent and illustrates the principle that, for active compounds, substitu
tion on the 4-amino group is limited to structures which can be readily 
converted in vivo to a free amino group. Compounds are inactive in which 
the 4-amino group of sulfanilamide is replaced by groups such as —COOH, 
—S03H, or —CH3 where conversion back to a primary amino group does 
not take place. Moreover, it is essential that the amino group, or potential 
primary amino group, be in the para position relative to the —S02NH2 
group; o-aminosulfonamide, for example, is well absorbed in animals but 
is devoid of antibacterial activity. 

Structural alterations of the sulfonamide molecule that have proved to 
be most useful in retaining, or even in certain instances of enhancing, the 
antibacterial effect while lowering the toxicity of sulfanilamide, have been 
obtained by judicious substitution on the 1-nitrogen by various hetero
cyclic rings, such as pyridine, thiazole, pyrimidine, pyrazine, and pyridazine 
(cf. Table I ) . 

In general, the sulfonamides have been successfully used to control most 
of the common coccal infections, e.g., the many infections due to the 
0-hemolytic streptococci (Lancefield, Group A ) , staphylococcal infection, 
pneumonia (D. pneumoniae), meningitis (Neisseria intracellulars), and 
gonorrhea (Neisseria gonorrheae). In addition they are effective in the 
treatment of the dysenteries of bacillary origin (e.g., Shigella dysenteriae, 
S. sonnei), typhoid fever (Eberthella typhosa), food poisoning (Salmonella 
paratyphi, S. schottmulleri), and cholera (Vibrio cholerae). These drugs 
have also been widely used against influenza (Hemophilus influenzae), 
chancroid (H. ducreyi), and bubonic plague (Pasteurella pestis). The use 
of the sulfonamides in preventive medicine is also constantly increasing; 
e.g., they are widely used prophylactically for the treatment of wounds 
prior to surgery (especially in abdominal surgery) and in the prevention of 
bacterial invasion of burned and denuded areas of the skin. 

These successes are a brilliant chapter in the annals of chemotherapy 
and are well documented in the clinical literature [see Chapter X I I of (8) 
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T A B L E I 

Some Common Sulfonamides and Related Structures 

Structure Compound 

Prontosil 

Sulfanilamide 

Sulfapyridine 

Sulfadiazine 

Sulfaguanidine 

Succinylsulfathiazole 

Sulfadimethoxine 

O C H3 

Sulfamerazine 
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T A B L E I (Continued) 

Structure Compound 

CH-

H ' = H, R

M
 - Ν j 

C H , 

Sulfamethazine 

R' = H, R

w
' O C H , Sulf amet hoxy pr idazine 

R ' = H, R " = > ; 

C H 3 ^ C H 3 

Sulfisoxazole 

O J J N ^ ^ C O O H p -Nitrobenzoic acid 

H 2N (f V A s O 

O H 

Arsanil ic acid 

H 2N ^ ^ C O O H p-Aminosalicylic acid 

H 2N < ^ ^jl Promizole 

Ν Ν 

C H3C O H N 
S S Q 2N H 2 

Acetazolamide 

3C — > ~ S 0 2N H C O N H C H 2( C H 2 )2CH3 Tolbutamide 
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for a comprehensive review and references to pertinent clinical literature 
through 1948]. 

In view of the tremendous impact of antibiotics in the treatment of 
diseases of bacterial origin, it is significant to note the renewed clinical 
interest in the sulfonamides in recent years. Domagk in 1957 (16) sug
gested among other reasons that further development of the sulfonamides 
has created more effective and more pharmacologically suitable com
pounds that are practically free from risk and that the wide application 
of oral administration of sulfonamides is more agreeable to the patient. 
In certain instances the sulfonamides appear to be the drugs of choice over 
antibiotics (17); for example, in the treatment of urinary tract infections, 
in meningococcal meningitis, in trachoma, in bacillary dysentery, and as 
prophylactic agents in the preparation of the bowel for surgical procedures. 
When penicillin and streptomycin became widely available, sulfonamides 
were used in combination with antibiotics, particularly in the treatment 
of pneumococcal meningitis, acute brucellosis, and urinary tract infections. 
The rationale for such treatment, however, has been questioned, and the 
more recently introduced tetracyclines are rarely used in combination 
with sulfonamides. However, not infrequently, microorganisms that have 
become resistant to antibiotics may be sensitive to sulfonamides. The 
reverse situation is also true; e.g. certain strains of gonococci resistant to 
sulfonamides are sensitive to penicillin. 

The effectiveness of sulfonamides as therapeutic agents is increased when 
they are used in conjunction with certain 2,4-diaminopyrimidines and di-
hydrotriazines which are class 1 folic acid antagonists (Section IV, B) . 
These latter drugs may act in sequence with sulfonamides to block folic 
acid synthesis at different steps (Fig. 1) and might potentiate one another. 
For example, Eyles and Coleman (18) showed that an infection of Toxo
plasma gondii in mice could be controlled by the simultaneous administra
tion of sulfadiazine and pyrimethamine at levels which when given sepa
rately were ineffective. Certain 1,2-dihydro-s-triazines which inhibit 
Lactobacillus arabinosus and D. pneumoniae were found to be synergistic 
with sulfadiazine in vitro (19). These effects were also found in vivo in 
studies with mice infected with D. pneumoniae (20, 21) and Streptococcus 
strains (21). Such experiments emphasize the potential effectiveness of 
combinations of drugs that function in the sequential block of a metabolic 
pathway (22). 

It was early found that substitution with heterocyclic rings at the N- l 
position of sulfanilamide primarily modifies incidence and severity of toxic 
reactions of this drug. A pyrimidine substituent gives a sulfonamide which 
is particularly well tolerated, and sulfadiazine and its methyl congeners 
are regarded with high favor in clinical practice (16, 17). These drugs are 
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rapidly absorbed from the gastrointestinal tract into the blood stream, 
where satisfactory blood levels are obtained, and their solubility in either 
neutral or acid urine renders them suitable for treatment of urinary tract 
infections. 

The thiazole ring system and the guanidyl group are additional N - l 
substituents in sulfonamides, which are useful for specific treatment. In 
contrast to sulfadiazine, drugs such as sulfaguanidine, sueeinylsulfathia-
zole, and phthalylsulfathiazole are poorly absorbed from the intestinal 
tract into the blood stream and hence are widely used in combating in
testinal infections. The last two are inactive in vitro but are slowly hy
drolyzed in the intestine to liberate sulfathiazole. Their alkali salts are 
quite soluble, and the amount absorbed into the blood stream is rapidly 
excreted by the kidney, so that the high levels used for intestinal antisepsis 
can readily be tolerated. 2-Sulfanilamidoquinoxaline (sulfaquinoxaline) is 
used in veterinary medicine, particularly in the prevention of coccidiosis 
in chickens. Sulfaquinoxaline is excreted rather slowly, so that a suffi
ciently high blood level of the drug can be maintained to effectively control 
the parasite. 

In general, sulfonamides are excreted by the kidney, which eliminates 
them as acetylated derivatives by capillary filtration. Lipmann (23) 
showed that sulfonamides, in common with other primary amines, may 
be acylated as follows: 

Thus, acetyl coenzyme A, arising from reactions of carbohydrate metab
olism, reacts with a sulfonamide to give the substituted acetamide. This 
reaction takes place predominantly in the liver and is essentially non
reversible. Bacteriostatic activity is lost; and these amides may be in
soluble enough to crystallize in the kidney tubules and cause damage. As 
potentially serious reactions caused by sulfonamides, Lehr (24) lists 
complications of the urinary tract first, followed by sensitization, blood 
dyscrasias, and hepatitis. Renal complications are prevented by the in
gestion of sodium bicarbonate and by forcing fluids, thus favoring solu
bility of the drug, and by the use of sulfonamides in mixtures at concen
trations which singly are insufficient for complete bacteriostasis and which 
do not reach a renal level that causes crystalluria. Recently, certain 
sulfonamides have been introduced, such as sulfisoxazole and 2-sulfanil-
amido-5-ethyl-l,3,4-thiadiazole which are highly soluble over a wide pH 
range, readily absorbable, and do not cause crystalluria. 3-Hydroxy-

C H3C O S C o A + H2N Ο S02N H R - + C H 3C O N H Ο S02N H R + C o A S H 
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sulfanilamide is an oxidation product of sulfanilamide in the rabbit (25); 
such derivatives may be excreted in man as ethereal sulfates, but they 
appear not to be major excretory products of sulfonamides. 

Numerous analogues of PABA other than sulfonamides have been pre
pared in which the amino group or carboxyl group of PABA is modified 
in various ways or PABA is substituted directly on the aromatic nucleus. 
Examples of such analogues are shown in Table I and include p-nitro-
benzoic acid, p-aminobenzenearsonic acid, and p-aminosalicyclic acid 
(PAS). PAS is a particularly interesting analogue, as it is an effective and 
specific bacteriostatic agent for the tubercle bacillus in vitro and has been 
widely used in the treatment of tuberculosis, particularly in conjunction 
with streptomycin. Its effects against the tubercle bacillus are counter
acted by PABA, yet in certain E. coli mutants requiring PABA, PAS 
replaces PABA (26). There is some evidence that PAS may be incorporated 
into a folic acid-like molecule in microorganisms (27). 

The formulas of three other important drugs, promizole, acetazolamide, 
and tolbutamide, are included in Table I, as they possess certain struc
tural features in common with the aforementioned sulfonamides. However, 
the effects of (a) promizole, a drug used in the treatment of leprosy and 
tuberculosis, (b) acetazolamide, an inhibitor of carbonic anhydrase and a 
potent diuretic, as well as (c) tolbutamide, a sulfonylurea derivative of use 
in the oral treatment of diabetes, are not counteracted by PABA and 
presumably are exerted in an area other than that of PABA metabolism. 
It can be seen from an inspection of their structures that, if these molecules 
were hydrolyzed in vivo, the p-aminobenzenesulfonamide moiety would not 
be produced. The explanation in biochemical terms of the remarkable 
biological activity of these variously substituted sulfones is not known. 
Indeed, some of the effects of the p-aminobenzene sulfonamides in certain 
biological systems cannot be explained in terms of interference with PABA 
metabolism. 

Various attempts have been made to correlate the inhibitory action of 
the substituted sulfonamides with physical or chemical properties. Bell 
and Roblin (6) pointed out the close similarity in structure and size be
tween the p-aminobenzoate and sulfanilamide ions (the bond distances 
differ only slightly) and considered the contribution of the substituent 
(R", Table I ) of a sulfonamide to the negativity of the S02 group, such 
that the latter might approximate as closely as possible the electrical state 
of the carboxyl ion of PABA. They measured the acid dissociation con
stants of many N- l substituted sulfonamides and found a marked correla
tion between the γ>Κα of these drugs and their antibacterial activity, from 
which it was concluded that the more negative the S02 group of an N- l 
substituted sulfanilamide derivative, the greater its bacteriostatic power. 
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Since the inductive effect of the N - l substituent is usually known, it is 
possible to calculate the acid dissociation constant and thus predict with 
reasonable accuracy the bacteriostatic effect. From such considerations 
Bell and Roblin predicted that the most active bacteriostatic sulfonamide 
had likely been synthesized, and experience of the intervening years has 
borne out this prediction, as "newer" sulfonamides, e.g., sulfamethoxy-
pyridazine or sulfadimethoxinine, have improved properties from a pharma
cological standpoint but on a molar basis have the same order of anti
bacterial activity as the parent sulfanilamide. 

Woods postulated in 1940 (1) that PABA was an essential metabolite 
for bacterial growth and that sulfonamides could be regarded as structural 
analogues of PABA and so interfere with bacterial growth by competing 
with PABA for an enzyme normally concerned in its utilization. These con
cepts have received overwhelming support. PABA has been demonstrated 
to be an essential growth factor for a number of bacteria, yeasts, and molds 
(28), and the toxic effects of the sulfonamides have been shown to be re
versed competitively by PABA in numerous species, including bacteria, 
fungi, higher plants, diatoms, yeast, and flagellates (29). When the struc
ture of folic acid was established and shown to contain PABA (30), it was 
apparent that a major role of PABA was to serve as a precursor for this 
important vitamin. The sulfonamides then, by interfering with the utiliza
tion of PABA, would be expected to disrupt folic acid synthesis, and the 
addition of folic acid should counteract sulfanilamide noncompetitively. 

Evidence for this view was soon provided by microbiological studies of 
Lampen and Jones (31, 32). For example certain Streptococcus faecalis 
strains (31), L. arabinosus (82) and Streptobacterium plantarum 10S (32) 
gave a growth response to either PABA or pteroylglutamic acid (PGA), 
and such strains were inhibited competitively by sulfonamides in PABA 
containing medium but noncompetitively when PGA was added in lieu of 
PABA. These studies with growing cells have their counterpart in subse
quent work from Woods

,
 laboratory (33, 84) which demonstrated synthesis 

of folic acid activity with cell suspensions of various microorganisms with 
PABA and glucose as substrates; such synthesis was completely inhibited 
by sulfonamides and the inhibition was reversed competitively by PABA, 
In general, those microorganisms, such as Lactobacillus casei, S. faecalis R. 
Pediococcus cerevisiae, Tetrahymena geleii, which require the completed 
molecule of folic acid or pteroic acid rather than PABA are insensitive to 
the sulfonamides. The possible mechanism for this is discussed in Section 
I I I , D. 

Although it was soon evident from considerations such as those just 
discussed that the primary action of sulfonamides in inhibiting bacterial 
growth was in preventing the utilization of PABA for folic acid (PGA) 
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synthesis, there are certain puzzling microbiological findings some of which 
have been summarized by Woods (35). For example, the PABA require
ment of Clostridium tetanomorphum can be met by an equivalent amount of 
PGA as might be expected, but about 50 times as much PGA as PABA was 
found to be required for growth of Lactobacillus plantarum 5S. Moreover, 
the PABA requirement of certain microorganisms such as E. coli, Neuro-
spora, and yeast mutants cannot be satisfied at all by PGA. Furthermore, 
wild strains of coli, which do not require PABA, are sensitive to sulfonamide 
inhibition, and such inhibition is released by PABA, but PGA does not 
effectively reverse the inhibition. One possible explanation for these 
results is that these seemingly anomalous organisms may lack the folic 
reductase enzyme system and hence would be unable to convert folic acid 
into dihydrofolic acid, the precursor of the folic acid coenzymes. 

III. FOLIC ACID IN ENZYMIC REACTIONS 

A. Introduction 

The bacteriostatic action of the sulfonamides is due to their interference 
with the synthesis of a biologically active form of folic acid. The inhibitory 
effects of the folic acid antagonists are also caused by interference with the 
formation, and in addition with the utilization, of the biologically active 
forms of folic acid. Both these groups of antimetabolites may therefore 
produce similar effects in preventing susceptible organisms from forming 
the products of biochemical reactions in which folic acid coenzymes are 
involved. A brief description of these reactions will now be given. 

B. Reductases 

Folic acid, pteroylglutamic acid, as isolated from natural materials, or 
as synthesized, or even during the normal course of its metabolism, must 
be reduced before it is biologically active. There are two enzyme systems 
that carry out the necessary hydrogénation steps; these are folic reductase 
and dihydrofolic reductase. 

The first system appears to add two hydrogen atoms to the pteridine 
ring, and in the second reaction the hydrogénation of the pyrazine portion 
of the pteridine ring is completed to form 5,6,7,8-tetrahydropteroyl-
glutamic acid (FAH4) . An asymmetric center is produced at the 6-position, 
and, if the hydrogénation procedure is carried out chemically, a racemic 
mixture of the two 6-isomers of F A H 4 is formed. Only one of these is bio
logically active. 
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Recently, Zakrzewski and Nichol (36) have offered evidence that the 
two reductase reactions in rat liver were carried out by the same enzyme. 
This is discussed in more detail in Section IV, E. 

The existence of another enzymic reaction leading to the production of 
F A H 4 was shown by Donaldson and Keresztesy (37). The precursor, 
"prefolic A , " was isolated from horse liver. Prefolic A was relatively stable 
to acid, and was oxidized to F A H 4 by an FAD-dependent reversible enzyme 
system with menadione as the electron acceptor. Prefolic A was inactive 
for the assay organisms S. faecalis and Leuconostoc citrovorum, autolysis of 
liver tissue liberated activity corresponding to 20 Mg of "citrovorum factor" 
per gram of tissue. This corresponds closely with values reported for the 
folic acid content of liver (38). I t was necessary to take precautions to 
prevent prefolic A from being changed to microbiologically active mate
rial during extraction. The presence of a "storage" form of folic acid in 
animal tissues, in addition to the polyglutamates, is indicated by these 
findings. Prefolic A is now recognized to be 5-methyl-FAH4 (39); pre
sumably it exists in the liver in the form of various conjugates (39a). 

C. Folic Acid Coenzymes 

Four folic acid coenzymes have been definitely characterized and are 
recognized as being concerned with the transfer of single-carbon units. All 
are derivatives of 5,6,7,8-tetrahydrofolic acid (FAH4) as shown in ( I I ) , 
( I I I ) , ( IV) , and ( V ) . 
The portion of the structural formula outside the dotted line shown in the 
formula of ( I I ) is identical for all three compounds and has been omitted 
from the diagrams for ( I I I ) and ( IV) . Compound ( I I ) is the coenzyme 
which transfers the 2-carbon atom in the formation of the purine ring, and 
compound ( I I I ) transfers the 8-carbon atom into the purine ring (Jfi). 
Tetrahydrofolic acid (FAH4) is a product of these reactions. Compound 
( IV) is concerned with the addition of a hydroxymethyl or a methyl group 
to various acceptor substrates, including the formation of serine from 
glycine, of 5-hydroxymethylcytosine from cytosine, of methionine from 
homocysteine, and of thymine from uracil. Compound ( IV) may be pre
pared by enzymic or chemical condensation of formaldehyde with FAH4. 
It is the coenzyme that was formerly known as "hydroxymethyl-FAH4" 
because of its origin, function, and assumed structure. It is also produced 
enzymically and reversibly from F A H 4 and serine by a pyridoxal-linked 
system and from ( I I ) and ( I I I ) by reversible T P N H - and DPNH-linked 
systems. It is conceivable that the 5,10-methylene group may be formed 
by loss of water and bridging between the 5-NH and 10-NCH2OH groups. 
In turn, compound ( I I ) may be formed enzymically in the "cyclohydrolase" 
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reaction from ( I I I ) , which itself is produced by the "cyclodehydrase" reac
tion from 5-CHOFAH4 (leucovorin). Compound ( I I ) is also produced from 
formate, ATP, and F A H 4 in the "tetrahydrofolate formylase" system with
out the intermediate formation of ( IV) . Figure 2 shows the dependence of 
the various folic acid enzyme systems upon a supply of F A H 4 and the 
manner in which these systems are interrelated. 

Glycine or 

F I G . 2. Enzymic reactions involving the folic acid coenzyme series. CH2OH-cytidine 
D R P , hydroxymethyldeoxyeytidylie acid; other abbreviations as in Section I I I , C and 
footnote in Section I . 

The fourth folic acid coenzyme (V) was first detected in experiments 
on the folic acid content of liver, but its coenzymic nature was not dis
covered until the mechanism of methionine biosynthesis was studied in 
detail (39). In early observations, marked increases in folic acid activity, 
as measured with S. faecalis R, took place when chicken liver, muscle, and 
heart were allowed to autolyze (41). It was assumed that the increase was 
due to the hydrolysis of folic acid conjugate, especially since a slight addi
tional increase was produced by treatment with chicken pancreas conjugase. 
Subsequently Chang (41a) similarly found that a hot-water extract of 

Glycine or 
Glutamate ^ 5-CHNHFAH4-^ 

11 ~ C H O F A H 4̂ ^ \ 

/ / /̂ T. χ ^ 5 , 1 0 - C H F A H Î 
// /'Glutamate /ι ν 

A (L /( / \ 
« . ' X ^GAR / / \ \ Hibtidine 
Purines — FIG or \ θ \ / / / \ \ 

Histidine — FIGIu N ^ > f HCOOH Λ\ \ r F A H 4" ^ - „ V^10-CHOFAH4 ] 

^ \ ^Seriney FAICAR^AICAR j 

H C H 0
Î M k / / Purines 

Ar^ Glycine Methionine 

1 // Homocysteine TTAW 

„ „ Il II
 B

12 
^ J ^ F A H 2 5,10 - CH2FAH4 FA \ / Τ̂ΓΤΤ ^H2OH-cytidine \ . Deoxycytidylate 

Thymidylate Deoxyuridylate 
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unautolyzed horse liver produced growth in S. faecalis and Le. citrovorum 
only to the extent of 2% of the total effect obtained following autolysis. 
Donaldson and Keresztesy (37) prepared from the same source a concen
trate of "prefolic A , " inactive for S. faecalis and L. citrovorum until it was 
converted to F A H 4 by a flavin-adenine-dinucleotide-linked enzyme system 
that also required an electron acceptor such as menadione. 

Studies of methionine biosynthesis with E. coli mutants revealed that 
a new coenzyme was formed from (IV) by the "205-2" enzyme which was 
isolated from the E. coli mutant 113-3 (Davis). This mutant needs either 
vitamin B i2 or methionine for growth. When 205-2 enzyme was incubated 
with DPNH and ( IV) , a new compound was formed which was stable to 
heating at 60° (Section IV, A ) and yielded a methyl group on analysis, 
thus suggesting the structure of 5-CH3FAH4. The compound yielded 
methionine and F A H 4 when incubated with homocysteine, DPNH, FAD, 
ATP, Mg++, and a second enzyme containing vitamin Bi2. There was 
evidence that (V) could be reversibly dehydrogenated, perhaps to a form 
of 5-CH3FAH2. The coenzyme (V) was active in the microbiological assay 
with L. casei but inactive for S. faecalis and L. citrovorum, indicating a 
similarity to "prefolic A . " The identity of (V) and prefolic A was further 
evidenced by experiments in which a substance with the properties of 
prefolic A was synthesized by reduction of a mixture of F A H 4 and formal
dehyde with sodium borohydride and was assigned the structure 
5-CH3FAH4 (41b, 41c). 

The formation of methionine in pig liver extract was studied by Wilmanns 
and co-workers (41d). They found that homocysteine and adenosine were 
among the components needed, thus indicating that the methyl acceptor 
was /S-adenosylhomocysteine and the methylated product was S-adenosyl-
methionine. They proposed that the methyl donor was 5-CH3-7,8-FAH2

+
, 

formed from 5,10-CH2FAH4. The demethylated end product (7,8-FAH2) 
could be converted to F A H 4 by the dihydrofolic reductase system. 

Other investigations with methionine synthesis in the pig liver system 
were reported by Sakami and Ukstins (41 e). From a reaction mixture 
similar to that described by Keresztesy and Donaldson (41b), they obtained 
a fraction designated as purified methyltetrahydrofolate. This fraction 
yielded methionine when incubated with acetylhomocysteine, T P N H , 
ATP, M g

+ +
, and a pig liver preparation. 

It seems that 5-CH3FAH4 may be a storage form of F A H 4 in animal 
tissues and that it functions as the coenzyme for methyl transfer in the 
formation of methionine by an F A H 4- B i2 linked system; an alternate path
way for the formation of methionine is the methylpherase reaction described 
by Ericson and co-workers (41 f), which is not known to involve FAH4. 
The conversion of 5-CH3FAH4 to F A H 4 is apparently carried out by L. 
casei but not by S. faecalis or L. citrovorum. 
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Tetrahydrofolic acid in the form which functions in enzyme systems 
may be conveniently designated as FAH4. The naturally occurring co
enzyme may actually contain three glutamic acid groups rather than one, 
or may even contain additional amino acids but the monoglutamate 
form appears to function normally in experimental enzyme studies. It 
will be seen that the 5- and 10-nitrogen atoms in the F A H 4 molecule may 
combine with —CHO, — CH2OH, —CH3, or —CHNH groups, and the 
—CHO and —CH2OH groups may give rise to — C H = or —CH2— bridges 
between the 5- and 10-nitrogen atoms. 

The F A H 4 compounds may transfer single-carbon groups and hydrogen 
in the following series of reactions, literature references to which may be 
found in the review by Rabinowitz (45), except as noted. 

formiminotransf erase 
(1) F A H 4 + formiminoglutamic acid (or formiminoglycine) > 

5 - C H N H F A H4 + glutamic acid (or glycine) 

FAH4 formylase 
(2) F A H 4 + formic acid > 10-CHOFAH4 + H 20 

formaldehyde-activat ing enzyme 
(3) F A H 4 + formadehyde • 5,10-CH2FAH4 + H 20 

cyclodeaniinase 
(4) Ô - C H N H F A H 4 + H+ > 5,10-CHFAH4+ + N H 3 

G A R transformylase 
(5) 5 ,10-CHFAH4

+
 + glycinamide ribotide + H 20 • 

formylglycinamide ribotide + F A H 4 - f H

+
 (40) 

cyclohydrolase 
(6) 5 ,10-CHFAH4

+
 + H 20 • 10-CHOFAH4 + H

+ 

A I C A R t ransformylase 
(7) I O - C H O F A H 4 + aminoimidazolecarboxamide ribotide » 

formylaminoimidazolecarboxamide ribotide + F A H 4 

f o rmy l FAH4 reductase 
(8) I O - C H O F A H 4 + D P N H + H+ • 5,10-CH2FAH4 + 

H 20 + D P N

+ 

205-2-enzyme 
(9) 5,10-CH2FAH4 + H

+
 + D P N H • 5 - C H3F A H4 + D P N + (39) 

B12 enzyme 
UO) 5-CH3FAH4 + homocysteine > F A H 4 + methionine (39) 
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thymidylate synthetase 
(11) 5,10-CH2FAH4 + deoxyuridylic acid > 

thymidylic acid + F A H 2 

dihydrofolic reductase 
(12) F A H 2 + D P N H + H+ > F A H 4 + D P N + 

(13) 5,10-CH2FAH4 + deoxycytidylic acid - > 
hydroxymethyldeoxycytidylic acid + F A H 4 

pyridoxal PO4 
(14) 5,10-CH2FAH4 + glycine + H20 > serine + F A H 4 serine hydroxymethylase 

(15) F A H 4 -f formylglutamic acid —• 5-CHOFAH4 + glutamic acid 

cyclodehydrase 
(16) 5-CHOFAH4 + H

+
 > 5,10-CHFAH4

+
 + H20 

HCHO, FAD 
(17) F A H 4 + H+ + D P N H > 5-CHaFAEU + D P N + (41c) 

FAH. reductase 

(18) 5,10-CHFAH4

+
 + T P N H - > 5,10-CH2FAH4 + Τ Ρ Ν + 

In addition, the 2-carbon atom of the imidazole ring of histidine is in
directly derived from a folic acid enzyme system, and the biological degra
dation of histidine gives rise to formiminoglutamic acid, which supplies 
the formimino group in the formation of 5-CHNH FAH4. 

The above series of reactions shows the essential nature of folic acid 
enzyme systems in the formation of purines and thymine. Since adenine, 
guanine, and thymine are three of the four bases of deoxyribonucleic acid 
(DNA) , the central role of folic acid in the formation of new cells is evident. 
The prevention of folic acid synthesis by sulfonamides, or the inhibition of 
folic acid enzyme systems by antagonists can thus be expected to interfere 
with growth. 

D. Inhibition of Folic Acid Biosynthesis by Sulfonamides 

Several groups of investigators (44~47) have studied the biosynthesis 
of folic acid (FA) in cell-free extracts of microorganisms in order to define 
the components of the system and to study the site of interference of 
sulfonamides in the synthesis. Shiota (45) used AS. faecalis R to measure 
FA activity produced by cell-free extracts of L. arabinosus with pteridines 
and PABA or PABG as substrates, and A T P and M g

++
 as cofactors. 
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Activity as a precursor was shown by 2-amino-4-hydroxy-6-formylpteridine 
and 2-amino-4-hydroxy-6-hydroxymethylpteridine. Higher yields of FA 
activity were obtained when the pteridines were first chemically hy-
drogenated to 2-amino-4-hydroxy-6-hydroxymethyl-5,6,7,8-tetrahydro-
pteridine (THP) . Bioautograms indicated that pteroic acid was produced 
when PABA was used, while FA and F A H 2 were produced when PABG 
was used; however, these end products may have arisen from air oxidation 
of tetrahydropteroic acid and FAH4, respectively. 

Brown and co-workers (47, 48) used cell-free extracts of E. coli and 
found that the pteridine substrate most effectively used was THP. This 
combined with PABA in the presence of ATP, Mg+

 +
, and TPN+ to form 

dihydropteroic acid, which subsequently combined with glutamic acid to 
form FAH2. THP was presumably first dehydrogenated to the correspond
ing dihydropteridine by T P N

+
. The reaction between the reduced pteridine 

and PABA was competitively inhibited by sulfanilamide. It was suggested 
by Brown (47) that sulfonamide-sensitive bacteria such as E. coli contain 
the folic synthetase system but lack folic reductase, as distinct from di
hydrofolic reductase, and are therefore unable to utilize exogenous folic 
acid to bypass inhibition of the FA synthetase system by sulfonamides. 
The anticipated effects of the presence or absence of two enzymes on the 
behavior of various organisms may be summarized as shown in the ac
companying tabulation. 

Enzyme Effect of adding: 

Type of F A FA 
organism synthetase reductase Sulfanilamide Folic acid 

1 Present Absent Inhibits growth Does not reverse sulfa
nilamide 

2 Absent Present None Utilized 
3 Present Present Inhibits growth Reverses sulfanilamide 
4 Absent Absent None None 

Type 1 organisms are exemplified by E. coli, as explained above. L. casei 
and S. faecalis R, together with animals such as rats and chicks which re
quire an external source of folic acid, are examples of type 2. S. faecalis 
Ralston, which is inhibited by sulfonamides, is an example of type 3, for 
the inhibition in this case is reversed by either PABA or folic acid, the 
latter noncompetitively (31). L. citrovorum, which cannot utilize FA 
appreciably even in the absence of sulfanilamide and which needs pre
formed FAH4, would seem to belong to type 4. 



500 T. H . J U K E S A N D H , Ρ , BROQUIST 

The presence of a dihydrofolic reductase system might be needed for 
the conversion of F A H 2 to F A H 4 in type 1 organisms. 

B. Nonspecific Effects of Sulfonamides 

In the microorganisms for which inhibition of growth by sulfonamides 
is not affected by folic acid, a possible explanation could be that PABA 
has a function in the cell in addition to the synthesis of the folic acid co
enzymes and that sulfonamides block formation of both functions. Indeed, 
the first natural product shown to contain PABA was a peptide which 
was isolated from yeast where it comprised 20-30% of the PABA present 
and was found to contain, in addition to PABA, ten or eleven glutamic 
acid residues plus an additional terminal amino acid {4-9, 50). Its biological 
significance is unknown, although its resemblance to pteroylheptagluta-
mate, the predominant form of folic acid in yeast, could imply a relation
ship. An antibiotic, amicetin, which contains a molecule of bound PABA 
has been discovered (51) in certain Streptomyces cultures. 

The concept that PABA may be concerned in the fabrication of co
enzymes not containing folic acid is supported by the findings of Sloane 
(52), who isolated two compounds (PABA metabolites I and I I ) which 
were derived from PABA by Mycobacterium smegmatis fermentation. 
PABA metabolite I stimulated the hydroxylation of aniline by resting 
cells of M. tuberculosis to give p-hydroxyaniline. This reaction was blocked 
by chlorotetracycline, but the inhibition was released by PABA metabolite 
I . PABA metabolite I was thought to be a structural moiety of metabolite 
I I , which in substrate amounts could be directly hydroxylated to p-hy-
droxyaniline in the absence of aniline. The exact mechanism of the hydroxy
lation process and the structure of these metabolites derived from PABA 
are unknown. 

The preceding examples give microbiological evidence from diverse 
species (yeast, fungi, and bacteria) for the participation of PABA in 
metabolic reactions other than folic acid synthesis and should be con
sidered when assessing the effects of sulfonamides on growth of micro
organisms. 

Although a number of reports have appeared that sulfonamides inhibit 
respiration in various biological systems (29), it now seems clear that 
such inhibition appears to be either unrelated or at most indirectly related 
to interference with PABA metabolism. For example, Salisbury and 
Vandemark (58) found that 0.02 M sulfanilamide markedly depressed 
glycolysis by bovine spermatozoa, but subsequent work (54) showed that 
this inhibition was not affected by the addition of PABA or folic acid to 
the system. Moreover, acetazolamide, a potent inhibitor of carbonic 
anhydrase, but not an antimetabolite of PABA, was also an effective 
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inhibitor of sperm metabolism. Sulfanilamide is also an inhibitor of car
bonic anhydrase, as early shown by studies of Mann and Keilin (55); 
sulfanilamide concentrations as low as 2 X 10~

6
 M significantly depressed 

the activity of the highly purified enzyme. 
In contrast to the structural requirements of sulfonamides for anti

bacterial activity, the p-amino group of sulfanilamide was not necessary 
for carbonic anhydrase inhibition, but both of the hydrogen atoms of the 
sulfonamide group were essential for activity; thus, sulfapyridine was 
inactive as an inhibitor. It was postulated that the sulfonamide group 
might combine directly with Zn

+ +
 known to be present in the enzyme, 

thus rendering the latter inoperative. 

IV. FOLIC ACID ANTAGONISTS 

A. Introduction 

Folic acid antagonists are substances that reversibly inhibit biochemical 
reactions in which folic acid and its derivatives participate. The inhibition 
is not reversed by p-aminobenzoic acid. The inhibition is reversed in some 
organisms by folic acid and in other organisms by a suitable derivative of 
folic acid (FA) , such as tetrahydrofolic acid (5,6,7,8-tetrahydropteroyl-
glutamic acid, F A H 4) or 5-formyltetrahydrofolic acid (leucovorin, 
5 -CHOFAH4) . 

The effects of folic acid deficiency in producing anemia and leucopenia 
in man and experimental animals led to the anticipation that it might be 
possible to synthesize antagonists of folic acid that would block the for
mation of blood cells. The first preparation of this type to be tested was 
found to have such properties. This was a crude material made by using 
2,3-dibromobutyraldehyde instead of 2,3-dibromopropionaldehyde in the 
synthetic procedure for folicacid (56). Such a reaction could give rise to 
9-methylpteroylglutamic acid and to other products. The crude material, 
termed "z-methylpteroylglutamic acid," was added to a folic acid-de
ficient diet which was fed to rats and the animals developed an acute 
deficiency even when nutritionally adequate levels of folic acid were added 
to the diet. The deficiency was prevented by increasing the level of folic 
acid and was characterized by slow growth, anemia, leukopenia, agranulo
cytosis, and bone marrow hypoplasia. 

Extensive studies with x-methylpteroylglutamic acid were carried out by 
Nelson (57) and co-workers with pregnant rats. A number of fetal ab
normalities were produced by the antagonist, and these were preventable 
by increasing the dietary level of folic acid. The antagonist has produced 
little or no effect in clinical studies with patients. 
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The synthesis of aminopterin, 4-aminopteroylglutamic acid, by Seeger 
et al. (58) led to the development of a series of compounds that were more 
potent than rr-methylpteroylglutamic acid and had marked effects on 
animals that were not reversible by folic acid. 

Certain antimalarial compounds, including pyrimethamine and other 
2,4-diamino heterocycles, are biologically active due to their effectiveness 
as folic acid antagonists. The activity of 2,4-diaminopyrimidines as folic 
acid antagonists was recognized in 1948 by Hitchings and co-workers in 
studies with L. casei (59). 

The effect of folic acid antagonists in biological systems has been related 
in many investigations to the conversion of folic acid to an "active" form, 
and to the suppression of this conversion by the antagonists. The existence 
of such an active form was shown when it was found that the organism 
L. citrovorum (P. cerevisiae) responded to folic acid only at very high 
levels, but responded to small amounts of a folic acid-like factor present in 
liver extract and other natural materials (60). This "citrovorum factor" 
was isolated in the form of 5-formyl-5,6,7,8-tetrahydropteroglutamic acid 
(5-CHO—FAH4) and was synthesized by hydrogenating and formylating 
pteroylglutamic acid (61, 62). This substance, "leucovorin," is usually 
employed as a standard in biological assays of natural materials for their 
citrovorum factor content. However, it became evident that the less stable 
substance F A H 4 was also effective in the biological assay, together with 
its 10-formyl, 5,10-methenyl, and 5-formimino derivatives, and presum
ably its 5,10-methylene derivative (63). In addition, all of the naturally 
occurring folic acid compounds may exist as conjugates formed by peptide 
linkage with other amino acids through the 7-carboxyl group of the glu
tamic acid residue. The monoglutamates may be released from these 
conjugates by the action of "eonjugase" enzymes as a preliminary to the 
microbiological assay (64). 

The linkage of a carbon atom to the 5-position stabilizes the hydrogenated 
pteridine ring against air oxidation, which rapidly decomposes F A H 4 and 
its 10-formyl derivative. Reducing agents such as ascorbic acid or mercapto-
ethanol are used to protect these labile substances at room temperature. 
The protection of the molecule by the linkage of a carbon atom to the 
5-position is so effective that 5-formyl-FAH4 is stable to autoclaving at 
pH 6 in the microbiological assay procedure. 

With these considerations in mind, it is possible to discuss the finding, 
noted repeatedly, that such folic acid antagonists as aminopterin and 
4-amino-10-methylpteroylglutamic acid (amethopterin, methotrexate) 
inhibit the conversion of folic acid to citrovorum factor. These reports 
were based on assays with L. citrovorum, and the values found are an 
expression of the net effect of the various hydrogenated folic acid dériva-
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T A B L E I I 

RESPONSE TO VARIOUS F A H 4 COMPOUNDS IN THE Leuconostoc citrovorum ASSAY 

FOR "CITROVORUM FACTOR" 

Compound Response Comments Reference 

(1) F A H 4 - Destroyed in autoclaving. Gives re
sponse in "aseptic" assay, especi
ally if protected by a reducing 
agent 

(65) 

(2) 5 -C HO F AH4 + Used as standard (63) 
(3) 5 ,10-CHFAH4+ + Ring opened by autoclaving to yield 

(2) ; gives full assay value 
(63) 

(4) 5 ,10 -CH2FAH4 + May be presumed to give response 
since serine increases production 
of "CF activity" 

(5) 10-CHOFAH4 + "Heat-labile C F " ; converted to (3) 
and thence to (2) 

(63) 

(6) 5 - C H N H F A H 4 + Becomes deaminated to (3), and 
ring opens to give (2) . Gives re
sponse in aseptic assay 

(66) 

(7) 5 - C H3F A H4 N o response, even in "aseptic" as
say. Liberates F A H 4 in autolyzed 
tissues or by demethylation in me
thionine synthetase system 

(37, 39, 4D 

tives in which activity for the organism survives autoclaving. This is sum
marized in Table I I . It appears that the enzymic reduction of FA to F A H 4 
is the first step in the formation of the various "formylated" derivatives. 
This reduction proceeds via FAH2, and it is known that the step F A H 2 —> 
F A H 4 is brought about by the enzyme dihydrofolic reductase, which is 
strongly inhibited by aminopterin. The blocking of this step would stop 
the regeneration of F A H 4 in the cycle shown in Fig. 1. This block may be 
sufficient to account for the toxic effects of aminopterin on living organisms. 
However, it is probable that aminopterin can block other folic acid enzyme 
systems in vivo. 

B. Chemistry of Folic Acid Antagonists 

The folic acid antagonists may be divided into two broad classes. 

CLASS 1. COMPOUNDS CONTAINING 2,4-DIAMINOPYRIMIDINE OR 2 , 4 -
DLAMINOTRIAZINE GROUPS 
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This class includes aminopterin (4-NH2FA) and its various derivatives, 
such as methotrexate (amethopterin, 4-NH2-10-CH3FA), 4-NH2-9-CH3FA, 
4-NH2-9,10-di-QH3FA, halogenated methotrexates (67, 68) and 4-amino-
pteroylaspartic acid, together with tetrahydro derivatives of some of these 
compounds (69). The antimalarial compound 2,4-diamino-5-p-chloro-
phenyl-6-ethylpyrimidine and other 2,4-diaminopyrimidines are also 
included, and so are the 2,4-diaminopteridines (70), the 2,4-diamino-
quinazolines, certain 2,4-diaminodihydro symmetrical triazines (71, 72), 
and 2,4-diamino asymmetrical triazines (73) (Table I I I ) . 

T A B L E ΙΠ 

Class 1 Folic Acid Antagonists 

CH2—COOH 

Aminopterin R = X =X

f
 = H 

Amethopterin (methotrexate) R = CH3; Χ =Χ' = H 

Dichloromethotrexate R = CH3; X =X' = CI 

? ιΓΝν°Η> »Λ—<fV 
Ν Ν " * Ν. 

2,4-Diamino-6-methyl- 2, 4-Diamino-5-/> -chlorophenyl-6-
pteridine ethylpyrimidine 

2,4-Diamino- 2,4-Diamino-5- 2,4-Diamino-
quinazoline />-chlorophenyl- as-triazine 

6-dimethyl- s-
dihydrotriazine 



13. SULFONAMIDES AND FOLIC ACID ANTAGONISTS 505 

This class of compounds inhibits the growth of S. faecalis, and the 
inhibition is reversed weakly by FA and readily by 5-CHOFAH4. The 
mechanism of action has been indicated (74) to be due to combination of 
the 2-amino group of the antagonist with dihydrofolic reductase. This 
accounts for the reversal of this inhibition by F A H 4 and its derivatives, 
which are products formed from F A H 4 as a result of the folic reductase 
reaction and which hence bypass this reaction. If a reaction is blocked by 
an antagonist, the normal end product of the reaction may be expected to 
reverse the block in a noncompetitive manner (75). Since the reversal of 
certain of the class 1 folic acid antagonists by 5-CHOFAH4 is competitive 
rather than noncompetitive (76), it is probable they may block other 
enzyme systems, presumably those in which F A H 4 derivatives participate. 
Examination of some of these enzyme systems has shown this to be the 
case (77). 

The activity of class 1 antagonists as inhibitors of dihydrofolic reductase 
is due to the presence of the group 

where A—Β is C = C , N—C, or C = N . 
Pérault and Pullman (104) have discussed at some length the relation of 

the molecular structure to the distribution of electric charges in the atoms 
of folic acid analogues, using molecular orbital calculations. They concluded 
that in class 1 antagonists the most basic nitrogen is in the 1-position while 
in the natural substrates it is in the 5- or 8-position; the 2-NH2 is also 
more basic in the antagonists than in the substrates. It was considered 
that the increased basicity of the 1-N and the 2-NH2 accounted for the 
increased affinity of the antagonists as compared with that of the sub
strates for dihydrofolic reductase. 

Baker (78a, 78b) has recently considered folic acid antagonists in terms 
of his "non-classical" antimetabolite theory (74, 78c, 78d). This theory 
involves the following considerations : An antimetabolite should be as close 
as possible in structure only to that part of the metabolite molecule where 
the stereospecific requirements of the enzyme surface must be met; for 
maximum enzyme specificity, the greatest possible changes in the bulk of 
the antimetabolite should be made that still allow the stereospecific and 
binding requirements of the enzyme to be met. One objective of Baker's 
approach is the synthesis of inhibitors that fit the active site of an enzyme 
reversibly, then become irreversibly bound by alkylation of the enzyme 
adjacent to the active site. This has been carried out experimentally (78d). 

NH2 
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i < ^ ^ C O N H ( j : i C r ^ N H ^

 N
) C O N H C j : H - C O O H 

( C H 2) 2 
C O O H 

( V i a ) : R »= N H 2, X = C H 2 
(VIb) : R « O H , X = C H 2 

Compound (Via), a type I folic acid antagonist, was found to have in
hibitory properties similar to those of tetrahydroaminopterin (4-NH2FAH4) 
and (VIb) was found to bind folic reductase 8 times more strongly than 
did folic acid. 

OH 

CH — C H 2— C H — NH < ^ y C O N H C H C O O H 

( C H 8) 2C O O H 
C H , 

(vn) 

Compound (VI I ) was synthesized (78b) as the potential parent for a 
series of 5,8-deaza-FAH4 compounds, to be substituted in position 7, in a 
program designed to provide spécifie antagonists for various coenzymes in 
the folic acid series. Such a program will undoubtedly have relationships 
to the amino acid sequences in the active sites of the enzymes in the folic 
acid series. The results reported by Litman and Ephrussi-Taylor (78g) 
indicate a clue to one of the sites. These workers found that the resistance 
of pneumococci to aminopterin was increased by treating them with 
transforming factor which had been exposed to nitrous acid. The effect of 
nitrous acid is probably due to the production of deaminative changes in 
cytosine and adenine. These changes in transforming factor D N A or in 
cellular D N A lead to corresponding complementary changes in messenger 
RNA so that, for example, an ACA coding triplet can become changed to 
ACG, resulting in a threonine to serine change in an enzyme protein 
(78h). Such a change in the active site of an enzyme could profoundly 
modify its biological activity (78i). 

Compounds (Via) and (VIb) were synthesized by Baker and his col
laborators (78e, 78f) 
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CLASS 2. COMPOUNDS CONTAINING THE 2-AMINO-4-HYDROXYPTERIDINE 
GROUP 

These include a number of substituted pteroic and pteroylglutamic acids 
that are alkylated in the 9- or 10-position, and also pteroylaspartic acid 
and other pteroylamino acids (38) (Table I V ) . Alkylation at the 9- or 
10-position would presumably interfere with the formation of any of the 
four folic acid coenzymes since this process depends on the formation of a 
5,10-bridge or on the acceptance of a - C H O group at the 10-position 
(Fig. 2). Zakrzewski (78) reported that 9-CH3, 10-CH3, and 9,10-CH3 
folic acids served as substrates for chicken liver folic acid reductase, from 
which it might appear that the compounds could compete reversibly with 
FA for the reductase system (175) and that the hydrogenated derivatives 
formed by their reduction could block subsequent reactions involved with 
single-carbon transfer. The reason for the antagonistic effect of pteroyl
amino acids typified by pteroylaspartic acid is unknown. 

TABLE IV 
Class 2 Folic Acid Antagonists 

10-Methylfolic acid R=H, R
f
=CH3, η =2 

9-Methylfolic acid R=CH3, R'=H, « =2 
Pteroylaspartic acid R=R'=H, η =1 

Most compounds of these series are not of general interest in chemo
therapy, and none of them is used clinically. They have, however, fur
nished much information in studies with bacteria and experimental animals, 
in which their effects are reversible by FA. 

C. Anticonvulsants: Relationship to Folic Acid Antagonists 

Occasional clinical reports, particularly from Great Britain, indicate that 
long-term administration of certain anticonvulsant drugs such as phéno
barbital, primidone, and dilantin can induce a megaloblastic anemia (78j). 



508 T. H . J U K E S A N D H . P . BROQUIST 

From 1954-1958, some thirty-six such cases were recorded and were dis
cussed by Stokes and Fortune (78k). In most of these cases, a complete 
remission followed treatment with folic acid, but there was no response to 
vitamin Bi2 with the exception of two (781, 78m) in which a full recovery 
was obtained after the administration of vitamin Bi2. 

It has been suggested that these anticonvulsant drugs may be extremely 
weak folic acid antagonists which induce an anemia only under certain 
conditions in association with other factors. The levels of these drugs used 
for anticonvulsant therapy vary with each individual case, but are of the 
order of several hundred milligrams per day, and treatment may continue 
throughout life. Such therapy contrasts markedly to that employed with 
aminopterin or methotrexate in the treatment of acute leukemia where the 
dose may be a few milligrams per daj and may continue for only weeks or 
months at most. 

The structures of primidone, phénobarbital, and dilantin do not conform 
to the structural requirements noted elsewhere in this review for class 1 or 
class 2 folic acid antagonists but do bear a structural resemblance however 

to the pyrimidines. Woods (78n) reported that the antibacterial effect of 
barbituric acid, could be counteracted by uracil. Recently it has been 
found (78o) that uracil, cytosine, and thymine as well as their respective 
nucleosides and nucleotides w

T
ere effective to varying degrees in counter

acting barbiturate inhibition of Escherichia coli K-12. The pyrimidine 
precursors orotic acid and orotidylic acid were without effect. If these 
microbiological studies with barbituric acid bear a relation to the effects of 
phénobarbital and related drugs in inducing a megaloblastic anemia, it is 
conceivable that these latter drugs are interfering at a stage of pyrimidine 
biosynthesis thus leading to an impairment of thymidine formation. 

D. Resistance to Sulfonamides and Folic Acid Antagonists 

Interest in the practical use of metabolic antagonists is mainly in their 
possible application as selectively toxic agents that can be used to control 
harmful organisms or malignant growths without injuring either the host 
or other desired species. The principal limitation in such use results from 

H 

Primidone Phénobarbital Dilantin 
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the development of resistance by the unwanted cells. These cells may 
consist of a mixture of resistant and susceptible strains, and the antagonist 
may eliminate the susceptible strain so that the growth of the resistant 
strain is encouraged. Another possibility is that use of the antagonist may 
bring about the formation of adaptive enzymes. 

The inhibitory effect of an antagonist is due to its selectively blocking 
an enzymic reaction that is essential to the normal metabolism of a living 
organism. This normal process and the blocking effect which replaces it 
may be written as: 

M (metabolite) + Ε (enzyme) —> M E —> Ε + products 

I (inhibitor) -f Ε (enzyme) —» IE (blocked enzyme) 

Resistance to the action of the antagonist may arise in cells as follows: 

(1) The cell may develop an enzyme that destroys the inhibitor, such as 
penicillinase, or dehydrochlorinase (which destroys D D T ) . No such en
zymes have been found for the sulfonamides or the folic acid antagonists. 

(2) The cell may produce a larger than normal quantity of the enzyme 
that is blocked by the antagonist, so that there is enough of the enzyme to 
combine with the antagonist and some is left over to react with the normal 
metabolite; for example, amethopterin-resistant leukemic cells have been 
found to contain increased amounts of dihydrofolic reductase (79, 80). 

(3) The cell may produce increased quantities of the normal metabolite, 
thus displacing the antagonist from the enzyme surface. 

(4) The fine structure of the enzyme may be genetically changed in the 
resistant cells so that its combining power for the antagonist becomes 
diminished (81). 

(5) The cell may become less permeable to the antagonist. Bacterial 
spores are an extreme example of this phenomenon. 

(6) The ability of the cell to "activate" the inhibitor may be decreased. 
(7) The cell may develop an alternate metabolic pathway which by

passes the enzymic reaction that is blocked, by the antagonist, or results 
in a decreased requirement for the metabolite. 

It may be seen that living organisms are resourceful and versatile in 
repelling chemical attacks. The development of resistance to the inhibitory 
effects of the sulfonamides and folic acid antagonists is a limitation to their 
usefulness. 

The outstanding studies of Hotchkiss and Evans (81) with resistant 
mutants of Pnewnococcus have done much to reveal the mechanism of 
resistance to sulfanilamide and other antagonists of PABA. A highly 
sulfonamide-resistant pneumococcal strain was found to grow in 300 times 
the sulfanilamide concentration needed to repress by one-half the growth 
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rate of wild-type sensitive pneumococci. This strain was used as a source 
of transforming factor (DNA) to confer resistance on other strains. By 
this means, the genetic material was shown to contain three mutant regions 
designated a, d, and b, combinations of which could produce 8 strains, 
adb, ad, db, ab, a, 6, d, and 0, differing in their quantitative response to 
sulfanilamide. The effects of the mutant regions on resistance to sulfanil
amide were additive in a predictably quantitative manner, as shown in 
Table V. These strains were shown not to differ in their rate of production 

T A B L E V 

Additive Effect of Sulfonamide-resistant Genetic Functions 
in Transformant Strains of Pneumococcus* 

Sulfanilamide Predicted 
level for resistance 

Strain of half-maximum Relative from product 
Pneumococcus growth resistance of effects in 
transformant (mg/ml) (Wild = 1) column 3 

0 5 (1) 
a 20 4 
d 80 16 
b 15 3 
ad 400 80 64 
db 300 60 48 
ab 70 14 12 
adb 1200 240 192 

* From Hotchkiss and Evans (81). 

or normal utilization of PABA; therefore, the observed differences in re
sistance to sulfanilamide were due to actual differences in the affinity of 
the FA synthetase enzyme for sulfanilamide. It was possible to compare 
the sensitivity of the strains to various sulfonamides and other PABA 
analogues, such as p-amino-, ρ-nitro-, and p-hydroxybenzoic acids. This 
led to analysis of the effect of the genie fine structure on the functional 
pattern of the protein of the enzyme that utilizes PABA in the production 
of the folic acid coenzyme by Pneumococcus. The subgenic factor d ap
peared to modify the enzyme to become less reactive for PABA analogues 
containing bulky substituents at the carboxyl position of PABA (position 
1), but more reactive for analogues substituted in the amino position of 
PABA (position 4). Marker b modified the enzyme to allow it to accept 
small electron-rich groups at position 2 of the PABA ring and somewhat 
less readily groups at position 3, while marker a was directed towards 
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position 3. These observations are important to a general understanding 
of the enzymic mechanisms underlying the development of cellular re
sistance to drugs. 

The problem of resistance to folic acid antagonists is of even greater 
importance in modifying the utility of these substances than is the problem 
of resistance in the case of the sulfonamides. This is because the use of 
folic acid antagonists is sharply limited by their toxic effects on the normal 
cells of the host, and if, for example, leukemic cells become resistant to 
folic acid antagonists, it is not possible to increase the dosage rate without 
intolerable effects on the host. 

Resistance developing to amethopterin in mouse leukemia and S. faecalis 
was described by Burchenal and co-workers (82, 83). The resistant strain 
of S. faecalis was found to produce citrovorum factor activity from folic 
acid more than 100 times as rapidly as the parent strain (84) when grown 
in the absence of folic acid antagonists. Citrovorum factor activity was 
measured with L. citrovorum against leucovorin as a standard in a pro
cedure that included autoclaving. This organism responds under these 
conditions to F A H 4 and various derivatives as indicated in Table I I . It is 
of interest to speculate on the nature of the substances that produced the 
growth response in the test organism under the conditions studied by 
Broquist et al. (84) and Nichol et al. (85). 

It may be presumed that the first step carried out by S. faecalis in re
acting with FA was the conversion of FA to the thermolabile F A H 4 which 
would not be detected in the assay procedure. Subsequent steps would 
lead to the production of formylated derivatives of F A H 4 with various 
degrees of lability. Figure 2 indicates the known steps in the production 
from F A H 4 of the compounds listed in Table I I . The yields of CF in the 
S. faecalis + FA system were found to be improved by adding ascorbate, 
which protects F A H 4 and 10-CHOFAH4 from air oxidation; by formate, 
which could increase the production of 10-CHOFAH4 and hence of 5,10-
C H F A H 4

+
; and by serine, which could increase the production of 5,10-

C H 2F A H 4 (84). 
In making the statement that a given set of conditions increases or de

creases the production of citrovorum factor activity by a cellular prepara
tion, it is obviously necessary to recognize the complexity of the process 
that is being measured. 

It was found by Nichol and Welch (86) that sonicates of the resistant 
S. faecalis cells were not resistant to the inhibitory effects of amethopterin 
on the formation of citrovorum factor activity, thus indicating that the 
resistance of the intact cells was due to a diminished accessibility of the 
enzyme system to the antagonist. In other investigations, however, it was 
found that unaltered aminopterin was recoverable from resistant bacterial 
cells in quantities greater than those obtained from susceptible cells (87,88). 
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The development of resistance to certain folic acid antagonists in S. fae
calis is therefore not due to a decrease in uptake, or in lessened permea
bility of the cell membrane to the antagonists, or in a diminished affinity 
of the cell membrane to the antagonists, or in a diminished affinity of the 
reductase enzyme for the antagonists, or to their destruction by the re
sistant cells. Other possibilities would be an increase in the amount of the 
enzyme or a change in the structure of the active site of the enzyme. 

The behavior of resistant S. faecalis in producing increased amounts of 
CF activity was not paralleled by resistant leukemic cells in studies by 
Nichol and Welch (86). They reported that suspensions of resistant and 
leukemic cells from mice did not differ with respect to the formation of 
CF from FA. However, in later studies it was found that such resistant 
cells contained increased amounts of folic reductase, corresponding to 
their increased resistance to amethopterin, and that the folic reductase 
content of susceptible cells was very low (79, 80). 

Resistance to methotrexate was induced in Pneumococcus by exposure 
to D N A obtained from a resistant strain of the same organism (89). D N A 
from a susceptible strain did not induce resistance. Further studies with 
methotrexate-resistant pneumococci by Sirotnak and co-workers (90) led 
to the isolation of strains with varying degrees of resistance. These were 
examined by procedures similar to those described by Hotchkiss and 
Evans (81), and six genotypes were characterized. Three of these con
tained a single genetic locus of resistance and the other three contained 
two such loci. Five different markers were eventually identified, inducing 
resistance over a range of 20- to 500-fold that of the parent strain. Whether 
this variation represents differences in the affinity of the dihydrofolic 
reductase enzyme for methotrexate, or whether it represents differences 
in the affinity or content of other enzymes that combine with methotrexate, 
remains to be determined. 

E. Effects on Enzyme Systems 

1. INTRODUCTION 

Interest in the locus of action of the folic acid antagonists at the enzymic 
level has been stimulated by their profound effects in many biological 
systems, as discussed elsewhere in this review. It is usually necessary to 
study an enzyme system in the absence of other enzymes before drawing 
conclusions as to the specific effect of an antagonist because in living 
organisms or in crude tissue preparations the antagonist may exert in
direct effects. For example, the addition of sulfanilamide to a culture of 
E. coli causes the accumulation of aminoimidazolecarboxamide when the 
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culture is incubated (Section I I I , C) . This substance normally reacts with 
IO-CHOFAH4 and is converted to purines in the AICAR transformylase 
reaction [Section I I I , C , reaction (7)]. It might be concluded that sulfanil
amide blocks this reaction. However, this is not the case; sulfanilamide 
actually interferes with the synthesis by E. coli of a precursor of 10-
CHOFAH4, presumably FAH2. This illustration shows that only by study
ing all the steps in a biosynthetic system can the point of action of an antag
onist be discovered. Indeed, aminoimidazolecarboxamide ribotide accumu
lates in E. coli cells when amethopterin instead of sulfanilamide is added to 
the medium (91). This is a striking demonstration of the similarity between 
sulfonamides and folic acid antagonists in an effect on a metabolic path
way; the same end result is produced by blocking either of two intermediate 
steps. 

In the case of the folic acid antagonists, the most prominent biochemical 
effect that has been observed in some cellular systems is a diminution of 
thymidine synthesis (92). This indicates a higher requirement for a folic 
acid coenzyme in thymidine synthesis than in the other syntheses in which 
folic acid participates. The observation that thymine enabled S. faecalis 
to grow in the absence of folic acid (98) has a similar implication. However, 
as will be discussed below, a major effect of amethopterin and aminopterin 
is on dihydrofolic reductase, and their effect on thymidylate synthetase is 
presumably indirect. An alternate explanation would be that small amounts 
of these two antagonists are biologically reduced to the corresponding 
tetrahydro derivatives, which in contrast to the parent compounds, have 
been shown to inhibit thymidylate synthetase directly (94, 95). 

2. FOLIC REDUCTASE AND DIHYDROFOLIC REDUCTASE 

The necessity of reduction of FA taking place as a step preceding its 
biological activation became evident from the studies with citrovorum 
factor. The strong affinity of aminopterin for the enzyme system postulated 
to form citrovorum factor was first pointed out by Nichol and Welch (96) 
and has been noted repeatedly by subsequent investigators. The observa
tion that FAH4, but not FA or 10-CHOFA, would reverse the toxic effects 
of aminopterin for mice (65) indicated that the reduction of FA to F A H 4 is 
inhibited by class 1 folic acid antagonists. 

If aminopterin inhibited only the enzyme systems that form citrovorum 
factor, including dihydrofolic reductase, then C F should reverse amino-
pterin noncompetitively. However, aminopterin and CF show competitive 
inhibition in the growth of Leuconostoc citrovorum and in their effects on 
mice (175), thus suggesting that aminopterin inhibits not only the forma
tion of CF but also its utilization. 
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Various investigators have used a number of sources of the enzyme or 
enzymes responsible for the reactions FA —» F A H 2 and F A H 2 —•> FAH4, and 
there have been different findings and conclusions with respect to whether 
one or two enzymes were involved, whether D P N H or T P N H was the 
cofactor, and whether the system was blocked by aminopterin. It seems 
evident that the characteristics of the FA —> F A H 4 enzyme systems vary in 
different species of organisms, and this accounts in part for differences in 
susceptibility to class 1 folic acid antagonists. However, a part of this 
variation is due to differences in the actual amount of the enzyme present, 
as discussed on p. 509. The system FA —> F A H 2 is termed "folic reductase," 
and the system F A H 2 —•> F A H 4 is termed "dihydrofolic reductase." 

Chicken liver was used as a source of the enzyme system responsible for 
the reduction of FA and F A H 2 in the presence of D P N H and TPNH. A 
purified preparation of dihydrofolic reductase from this source, effective in 
the reaction F A H 2 + T P N H + H+ <=> F A H 4 + TPN+, was found to be 
"noncompetitively" inhibited by aminopterin and amethopterin (97). 

In another investigation, the combining power of aminopterin for di
hydrofolic reductase from rat liver was found to be about 10

5
 times as 

great as that of folic acid (98). It was suggested by Baker that this strong 
affinity is due to a greater charge on the pyrimidine portion of the ring of 
aminopterin than on the corresponding ring of folic acid (74). The com
bination between aminopterin and dihydrofolic reductase is termed 
"pseudoirreversible"; however, the two may be separated by prolonged 
dialysis (98). 

Zakrzewski and Nichol (99) studied an enzyme from chicken liver, which 
reduced FA to FAH4. They found that the enzyme reduced F A H 2 at 
least 20 times faster than FA. This difference remained constant during 
purification and both reactions were inhibited equally by the same level 
of amethopterin. The difference in the rates of reduction of FA and F A H 2 
was sufficient to account for the apparent separation of the two activities 
in previous investigations of the chicken-liver reductase enzyme systems. 
T P N H was much more active than D P N H as a cofactor. The possibility 
that two different enzymes may be responsible in other biological systems 
for the steps FAH —» F A H 2 and F A H 2 —> F A H 4 still remains; the di
hydrofolic reductase of sheep liver was found to require D P N H rather than 
T P N H below pH 6 and to reduce only F A H 2 (100). Wright and Anderson 
described an enzyme system in Clostridium sticklandii that would reduce 
only FA (101) and was not affected by aminopterin. It may be possible 
that a similar enzyme is present in L. casei in view of the observation by 
Hitchings that FA and leucovorin are equally effective for this organism 
in overcoming the inhibition caused by amethopterin. The absence of a 
separate folic reductase system and the presence of dihydrofolic reductase 
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in bacteria in which the action of sulfonamides is reversed by PABA but 
not by FA would help to explain the basis of this behavior, as discussed 
in Section I I I , D. 

The substrate used in this and other investigations of the enzymic 
reduction of F A H 2 (98-101) was the 7,8-isomer prepared by chemical 
reduction of FA. It has since been found that the enzyme from chicken 
liver will not reduce F A H 2 arising from the thymidylate synthetase reac
tion (Section I I I , C) (102, 103). This second form of F A H 2 could possibly 
be either 5,6-FAH2 or 5,8-FAH2. It was reduced by a DPNH-preferring 
enzyme from rat thymus gland that could also utilize 6,7-dimethyldi-
hydropteridine (which is a 5,8-FAH2 analogue) as a substrate (102). 

Pérault and Pullman (104) have discussed the properties of the various 
forms of F A H2 as predictable from the electronic structure of FA. They 
conclude that 5,8-FAH2 should be the form most resistant to further hy
drogénation based on its outstanding electron donor properties, while 
7,8-FAH2 is postulated as the intermediate in the reductions which end in 
F A H4. The third possible isomer, 5,6-FAH2, was thought to be much less 
likely to be formed than the other two isomers. The concept that class 1 
antagonists block "regeneration" of F A H 4 from F A H 2 formed by thymidy
late synthetase should possibly be reexamined in the light of these findings. 
Perhaps 5,8-FAH2 is the end product of the folic acid "cycle" (Fig. 2) 
and does not proceed to FAH4. In this case the blocking action of class 1 an
tagonists on the reaction F A H2 —» F A H 4 could still explain their strongly 
toxic effect if it is assumed that the reactant is 7,8-FAH2 formed from FA 
in the food, or produced endogenously in the case of auxotrophic organisms. 

The firm combination between 4-aminofolic acid analogues and dihydro
folic reductase (98) is apparently sufficient to prevent the release of the 
analogue in the tetrahydrogenated form from the enzyme surface, or to 
prevent hydrogénation from taking place. However, it is possible to 
hydrogenate the analogues chemically and to study their effects in bio
logical systems with the use of suitable precautions to prevent air oxida
tion (69, 77). 

3. TETRAHYDROFOLIC FORMYLASE 

This enzyme was found to be inhibited by tetrahydroamethopterin. The 
inhibition was reversed by F A H 4 (77). 

4. FORMIMINOTRANSFERASE 

The production of 5-CHNHFAH4 from excess formiminoglutamic acid 
and 0.35 μΐηοΐβ of F A H 4 was inhibited 33% by 0.5 μπχοΐβ and 83% by 1.0 
Mmole of amethopterin, and 53% by 0.5 μΐηοΐβ of aminopterin (105). 
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5. CYCLODEAMINASE 

The production of 5,10-CHFAH4+ from approximately .07 μΐηοΐβ of 
5-CHNHFAH4 was inhibited 15% by 0.5 μΐηοΐβ of amethopterin and 49% 
by 0.5 μΐηοΐβ of aminopterin (105). 

6. CYCLOHYDROLASE 

The production of 10-CHOFAH4 from .075 Mmole of DL-5 ,10-CHFAH4+ 
was inhibited 43% by 0.5 μΐηοΐβ of amethopterin and 69% by 0.5 μΐηοΐβ 
of aminopterin (105). 

7. SERINE HYDROXYMETHYLASE AND 5,10-CH2-FAH4 DEHYDROGENASE 

These enzymes were not inhibited by tetrahydroamethopterin in Jae-
nicke's studies (77). 

8. THYMIDYLATE SYNTHETASE 

Friedkin (94) has studied the effects of various folic acid antagonists, 
including aminopterin and 9-methyl-FAH4 on thymidylate synthetase 
extracted from E. coli. None of these compounds inhibited the enzyme, 
which is strongly blocked by 5-fluorouracil and by nucleosides and nucleo
tides containing this or other 5-halogenated pyrimidines. It is of interest 
to recall that in earlier studies with less refined enzyme preparations (106) 
it was concluded that aminopterin and amethopterin inhibited the con
version of deoxyuridine to thymidine; it now appears that the actual effect 
of the antagonists was to block the conversion of F A H 2 to F A H 4 and thus 
to arrest the regeneration of the folic acid coenzyme, 5,10-CH2FAH4, that 
is needed for the formation of thymidine. 

Further studies (96) showed that, although aminopterin and ametho
pterin did not inhibit thymidylate synthetase, this enzyme was blocked 
readily by their tetrahydro derivatives, especially tetrahydroametho
pterin. 

F. Folic Acid Antagonists in Cancer Chemotherapy 

The chemotherapeutic approach to the treatment of cancer is one of 
the most difficult tasks in selective toxicity. There are biochemical differ
ences between species of living organisms that often make it possible to 
attack an unwanted species without harming a beneficial one, but it is 
obviously a far harder assignment to destroy a tumor by chemical treat
ment without injuring the closely related tissues of the host. The actively 
proliferating tissues, such as the bone marrow, are particularly susceptible 
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to the effects of chemicals that are administered as a means of stopping 
growth of tumors. 

Despite these problems, there is much interest in attempting to treat 
cancer with substances that inhibit the multiplication of cells by inter
fering with the synthesis of DNA. The antagonists of purines, pyrimidines, 
and folic acid are prominent among these substances, and organic chemists 
continue to synthesize many new compounds of this group for testing 
against experimental cancer. 

It was shown by Mitchell and Snell (107) that growth of S. faecalis 
could be obtained with thymine and a purine base. Folic acid could sub
stitute for this mixture as shown by studies with L. casei (108). These 
observations were followed by numerous findings which linked folic acid 
to cellular proliferation as an essential substance in the formation of the 
nucleic acids. The association of anemia and leucopenia with folic acid 
deficiency thus had a biochemical explanation. These findings aroused the 
anticipation that a substance with a biological effect antagonistic to that 
of folic acid would inhibit cell growth. 

The first approach to exploring a relation between folic acid and cancer 
was made by Lewisohn and co-workers (109, 110). Led by reports that 
tumor tissue was higher than normal tissue in folic acid activity, they 
attempted to find a substance in natural materials with activity antagonistic 
to that of folic acid. Their procedure was to inject preparations intra
venously in mice with tumors. They found that pteroyltriglutamic acid 
arrested the growth of transplanted mammary tumors when it was in
jected intravenously. No confirmation of these results was reported, but, 
starting shortly thereafter, the chemical synthesis of a large number of 
folic acid antagonists was carried out, and these substances have been 
extensively tested for antineoplastic activity. 

Shortly after the synthesis of folic acid, substances analogous to it were 
prepared by the Cyanamid investigators and were tested for their ability 
to reverse the effects of folic acid in the growth of bacteria and laboratory 
animals (56, 111). At the same time, Farber and his co-workers started,to 
investigate these compounds for their effect in leukemic children. The first 
of the compounds to be tested for antileukemic activity was pteroyl-
aspartic acid, but not until 4-aminopteroylglutamic acid (aminopterin) 
was used were any appreciable effects obtained in this disease (112). 
Temporary remissions were obtained in 10 patients in a group of 16 treated 
with aminopterin; toxic side effects, including stomatitis, were noted. 

The findings by Farber's group stimulated an interest in the use of anti
metabolites in cancer chemotherapy. The fact that such a powerful in
hibitory substance was produced by changing a single small group in the 
large molecule of folic acid was impressive, and the observation that the 
toxic effects of aminopterin could be completely prevented in all species 
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by adding certain reduced derivatives of folic acid was of equal scientific 
interest. The usefulness of folic acid antagonists in the treatment of leu
kemia was soon found to be limited because only temporary remissions 
were produced, certain forms of leukemia did not respond at all, and even 
in cases that responded, resistance to the effect of the antagonists was soon 
developed. Experimental leukemia in mice was also found to become 
resistant to folic acid antagonists (118, 114). 

The folic acid antagonists are used clinically to bring about temporary 
remissions principally in leukemia of children and in malignant chorionic 
tumors of female patients. The antagonists that have been most com
monly used are aminopterin (4-amino-PGA) and amethopterin, (4-amino-
10-methyl-PGA). Aminopterin was used in the earlier investigations, but 
amethopterin (methotrexate) rather than aminopterin was selected for 
registration as a new drug because the dosage required is somewhat larger 
and hence more easily regulated. Recently, amethopterin and its halo-
genated derivative 3',5'-dichloromethotrexate (DCMT) have been used 
with encouraging results in the treatment of choriocarcinoma (115, 116). 

Other antagonists that have been used in clinical experiments include 
the antimalarial compound 2,4-diamino-5-(3

/
, 4'-dichlorophenyl)-6-methyl-

pyrimidine (117) and certain dihydrotriazines (72). These are class 1 folic 
acid antagonists that inhibit the dihydrofolic reductase system, as shown 
by their reversibility with leucovorin in biological test systems and by the 
presence of the 2,4-diamino configuration needed for combination with 
dihydrofolic reductase. The presence of dihydrofolic reductase in white 
cells was reported in all cases of acute leukemia (12 patients). It also oc
curred in chronic myelogenous leukemia, but was not found in normal or 
chronic lymphatic leukemia cells (118). 

Acute leukemia in children is marked by occasional remissions occurring 
spontaneously and temporarily in about 10% of cases. These remissions 
delay the fatal end of the disease. Treatment with folic acid antagonists 
increases the incidence of remissions to 40-68%. Burchenal (119) described 
the use of folic acid antagonists in leukemia as follows: 

"The usual plan of therapy in children with leukemia is to administer 
amethopterin orally at 2.5 mg. daily for 3 weeks or more until such time 
as a remission occurs as evidenced by a return of the marrow to normal 
function or until definite signs of toxicity are noted. After toxicity appears, 
therapy is discontinued temporarily for a period of 7 to 10 days and then 
when the signs subside, started again at a somewhat lower dosage and 
continued until a remission occurs. In the absence of such a response, if 
the patient is in reasonably good condition, therapy is usually continued 
for at least 2 months and occasionally longer at increased dosage even to 
the point of mild toxicity in hopes of obtaining a remission. Good clinical 
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and hematological remissions with the bone marrow returning to essen
tially normal morphology and function may be expected in 30 to 50 per
cent of the children so treated, but in young adults the percentage is much 
lower and over the age of 30 beneficial effects are extremely uncommon." 

Holland (120) has summarized the results with folic acid antagonists in 
the treatment of acute leukemia of childhood as obtained in 19 different 
investigations. Of 731 children, 55% were considered to have benefited 
from the treatment. This figure increased to 70% if patients who did not 
receive 21 days of drug treatment were excluded. In another survey, 47% 
of almost 3000 patients treated with folic acid antagonists were considered 
to have undergone a remission (121). 

Many patients with acute leukemia develop the disease in the central 
nervous system following chemotherapy. Amethopterin does not readily 
enter the cerebrospinal fluid; for example, in one case the maximum level 
in the fluid was only 15 niMg/ml as compared with a serum level of 900 
mMg/ml following oral dosage (122). Intrathecal administration has been 
used and has produced some responses. 

Following the studies with leukemia, it was found by Li, Hertz, and 
Spencer that trophoblastic tumors in women respond to amethopterin 
(123). This form of cancer is of placental origin, and it metastasizes rapidly. 
The use of amethopterin is the most successful treatment that has been 
described for this disease, which ordinarily is fatal in a few months. A 
summary of the cases reported from eight different clinics was made by 
Holland in Table VI , which is taken from his review (120). Comparatively 

T A B L E V I 

Treatment of Choriocarcinoma, Invasive Mole, and Other Trophoblastic Neoplasms in 
Women with Intensive Methotrexate Therapy" 

Disease 
No. of 

patients 
Complete 
remission 

Partial 
remission Failure 

Choriocarcinoma 36 10 17 9 
Invasive mole (chorioadenoma 6 4 2 0 

destruens) 
Other trophoblastic neoplasms 5 1 4 0 

« From Holland (120). 

high dosage, 10-30 mg daily for 5 days, is recommended by Hertz, and 
this treatment is repeated at intervals. The presence of the tumor is ac
companied by high excretion levels of urinary gonadotropin, and admin
istration with amethopterin usually reduces the excretion to normal levels 
upon successful treatment. 
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Changes in the blood picture and the bone marrow in patients with 
chorionic tumors have been obtained by treatment with amethopterin and 
its halogenated derivatives by the National Cancer Institute group (123), 
and in some cases the remissions have lasted for more than 2 years. The 
tumors included choriocarcinoma, chorioadenoma, and chorioepithelioma. 
The results have encouraged further studies on the effect of chemically 
modifying the molecule of amethopterin, using leukemic mice to study the 
relation of effectiveness to toxicity in the various derivatives. 

The ready availability of transmissible mouse leukemia led to the use of 
this experimental disease in testing the folic acid antagonists. Burchenal 
and co-workers (128a) found that aminopterin and amethopterin prolonged 
the survival time of mice with AK4 and C1398 strains of leukemia. A large 
number of compounds related to FA, together with other heterocycles, 
were then tested against AK4. Only those compounds containing the 
2,4-diaminopyrimidine group were active (124). The effect of various folic 
acid analogues on the life-span of mice with advanced leukemia 1210 was 
studied by Goldin and co-workers (125). An increase in survival time was 
obtained in mice injected subcutaneously with amethopterin. In one ex
periment, treatment was initiated on the 8th day following leukemic 
inoculation. The controls showed a median survival time of 11 days, and 
the treated mice 24-26 days. Halogenation of the benzene ring of ametho
pterin produced a further lengthening of survival time (125-127). More
over, some mice treated with 3'-bromo-5'-chloro- and 3',5'-dichloro-
amethopterin were still alive after 6 months and resisted reinoculation. 
A number of class 1 antagonists were compared and produced increases 
in survival time ranging from 26 to more than 400% of the effect caused 
by amethopterin (126), the two dihalogenated compounds mentioned above 
repeatedly giving the best results. Class 2 antagonists were ineffective 
with the significant exception of 3^5'-dichloro-FA. 

Further studies have supported the concept that antileukemic potency 
is a general property of class 1 folic acid antagonists. In fact, the thera
peutic effect of amethopterin was abolished by simultaneously injecting 
leucovorin (128), thus circumventing the folic reductase system. The anti
leukemic effect may be due to "pseudoirreversible" inactivation of mamma
lian folic reductase, possibly together with additional inhibitory effects on 
other FA enzyme systems. 

Polycythemia vera. This disease is characterized by overproduction of red 
cells, excessively high blood volume and platelet level, and greatly increased 
blood viscosity. Isaacs (128a) obtained lowering of the red cell count without 
excessive decreases in leucocytes and thrombocytes by administering 12.5 
to 25 mg of pyrimethamine daily to six patients. Wassermann (128b), in 
contrast, reported that the toxic side effects produced by pyrimethamine, 
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coupled with an unsatisfactory response in most cases, were sufficient to 
contraindicate any use of the drug. Pegg and Ford, on the other hand, ob
tained excellent clinical and hematological remissions in five cases by care
fully regulating the dose. They recommend using an amount that maintains 
a reticulocyte count of 0.6 to 1.2% (128c). 

G. Effects of Folic Acid Antagonists on Animals 

1. INTRODUCTION 

Results with a folic acid antagonist in animals were first described by 
Franklin and co-workers (56) who used a>methylpteroylglutamic acid, a 
class 2 antagonist. This material produced an accentuation of folic acid 
deficiency in rats to a degree that had not previously been recorded in 
earlier studies by various investigators who had used purified diets con
taining sulfonamides. The deficiency in young female rats was marked by 
slow growth, anemia, and a low white cell count. The leucopenia was so 
pronounced that white cells virtually disappeared from the blood stream, 
especially in the case of the granulocytes. Analogous changes were found 
in the bone marrow; the maturation of cells of the erythroid series and 
the production of granulocytes were impaired. The deficient animals had 
severe diarrhea, together with necrotic and ulcerative changes in the 
mouth, and small and atrophic uteri. All the effects were prevented or re
versed by adding sufficient quantities of folic acid to the diet. The authors 
suggested that the antagonist might be used to modify blood dyscrasias 
marked by erythrocytosis or leukocytosis. Comparable changes were de
scribed in mice, chicks, and dogs (129). However, "x-methyl" pteroyl-
glutamic acid did not produce any measurable effects in a human subject 
with chronic myeloid leukemia (130). 

Far more acute and profound effects were obtained in experimental 
animals by adding aminopterin to the diet. Death was produced in mice 
in about 6 days when they were put on a diet containing one part per mil
lion of this substance, and the addition of folic acid did not produce a 
reversal of its effects (131). The pharmacology of aminopterin was studied 
in rats and mice by Philips and Thiersch. The LD5o was 1.9 ± 0.3 mg/kg 
body weight for mice and 4.5 ± 1 . 4 mg for rats. The substance rapidly 
attacked the intestinal lining, and severe watery diarrhea with passage of 
blood occurred. Changes in the bone marrow of rats were noted within 12 
hours, including liquefaction, with disappearance of the blood-forming 
elements within 72 hours. These findings have been repeatedly confirmed, 
and in a recent investigation, it was found that changes in the mitotic 
figures were produced in the intestinal mucosa of rats within 3 hours (132). 
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The normal mitoses of the crypt epithelium were replaced by necrotic and 
damaged cells. The effects are so acute that aminopterin has been termed a 
"general protoplasmic poison." The complete prevention of these effects 
by administering leucovorin or tetrahydrofolic acid is a convincing demon
stration of the profound importance of the folic acid enzyme systems in 
maintaining life. 

The effects of aminopterin and other class 1 folic acid antagonists vary 
with respect to species, and some animals, including guinea pigs and ham
sters, are resistant to these antagonists. Large doses of aminopterin failed to 
produce either metabolic or morphological changes in guinea pig gut mucosa 
(133). Dogs and monkeys are quite susceptible, and aminopterin has a 
highly toxic effect on the bone marrow and intestinal mucosa of these species 
(184). The response to progesterone is also suppressed in mice, rats, and 
rabbits by aminopterin (185). Thiersch and Philips (136) found that amino-
pterin produced fetal death when given in otherwise subtoxic amounts to 
mice and rats. These observations were extended by Thiersch in studies 
with pregnant women (187). This substance was found to terminate preg
nancy when given in the first trimester. Aminopterin and amethopterin 
are used in the treatment of leukemia as discussed in Section IV, E, and 
it has also been noted that aminopterin markedly depresses the bone mar
row in patients who do not have tumors involving the bone marrow (137). 
The clinical use of such compounds calls for great caution because of the 
danger of producing irreversible aplastic changes. 

2. EFFECTS ON REPRODUCTION 

One of the first indications of an effect of folic acid deficiency on repro
duction was the observation by Richardson and Hogan (188) that hydro
cephalus was developed by a small percentage of the infant rats born to 
mothers on diets deficient in folic acid. A much greater instance of fetal 
abnormalities was produced when x-methyl-PGA was added to the diet of 
pregnant rats (139). 

Stock female rats were placed on a purified diet deficient in folic acid 
and containing 1% in sulfasuxidine and 0.5% a>methyl-PGA. Control 
animals receiving the same diet supplemented with high levels of folic 
acid had a normal reproductive performance, thus demonstrating that the 
effect of the basal diet was due solely to folic acid deficiency. The effect of 
the period of feeding on the extent of resorption was studied in detail, and 
the critical period as far as resorption was concerned eventually occurred 
prior to the 11th day of pregnancy. 

However, a high percentage of abnormalities was produced in rats re
ceiving the deficient diet prior to the 15th day. Edema and anemia were 
found in the groups with continuous deficiency from the 12th to the 21st 
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days. Other abnormalities were produced when the mothers were exposed 
to short periods of deficiency of two or three days. These included cleft 
palate, harelip, abnormalities of the feet, deformed and misshapen bones, 
kidney defects, cardiovascular abnormalities, and urogenital anomalies. 
Abnormalities of the brain and the eye were also produced; in fact, the 
authors noted that "no system or organ yet studied has escaped some 
damage and the frequency and type of deformity have varied according 
to the timing and duration of the deficiency." It was also observed that 
the mothers on the deficient diet gained weight and appeared to be in 
excellent condition. Under the conditions of dosage employed, z-methyl-
PGA had a generalized teratogenic effect without harming the maternal 
organism. The sensitivity of the developing rat embryo to folic acid de
ficiency is strikingly demonstrated by these experiments (140). 

Similar results were described by Hogan and co-workers, who used a 
vegetable protein diet low in vitamin B i2 and supplemented with x-methyl-
PGA (141). 

These investigators found that vitamin B12 deficiency could also produce 
embryonic deformities. In Thiersch's studies with pregnant women, follow
ing the administration of aminopterin to the mothers, three aborted 
fetuses showed congenital malformations of the cranium or of the face. 

3. METABOLIC EFFECTS 

The urine of rats in a diet deficient in folic acid contains iV-formimino-
glutamic acid (FIGlu) (142-144), a compound which is formed during the 
catabolism of histidine and normally is degraded by the reaction FIGlu + 
F A H 4 - > 5-CHNHFAH4 + glutamic acid (as shown in Fig. 2) (43). 

A deficiency of F A H 4 occurs when type 1 folic acid antagonists are ad
ministered to species in which these antagonists block the formation of 
F A H 4 . Broquist (145) found that the urine of leukemic patients treated 
with amethopterin contained FIGlu, which was absent from the urine of 
normal subjects. Another metabolite that appears in the urine in folic acid 
deficiency is formate (146), which apparently is produced by the degrada
tion of such compounds as sarcosine and tryptophan. Formate is metab
olized by combination with F A H 4 in the FAH4-formylase reaction (p. 497) 
and subsequent conversion to single-carbon acceptors. Formate was found 
in the urine of patients receiving amethopterin (147). 

The presence of FIGlu and formate in the urine of such patients may be 
an end result of blocking the dihydrofolic reductase system by ametho
pterin. This antagonist remains for a long time in the tissues of mice 
following its withdrawal from dosage (14S). Amethopterin is rapidly 
excreted in the urine (149) but as noted earlier does not pass readily into 
the cerebrospinal fluid (122). 
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The stability of amethopterin in the tissues of mice may indicate not 
only its firm combination with dihydrofolic reductase but also the fact 
that this enzyme apparently does not react with the substance to reduce 
it. In contrast, FA and F A H 2 are reduced by the enzyme to F A H 4 which, 
under adverse conditions, readily breaks down to a pteridine and PABG. 
Indeed, the administration of aminopterin actually decreased the break
down of FA by the tissues (150) and increased the percentage excretion of 
an administered dose of FA (151), presumably due in both cases to block
ing the reduction of FA to the highly labile FAH4. In spite of repeated 
investigation no evidence has been found for the breakdown of aminopterin 
and amethopterin by enzymic systems, so that the explanation for the 
resistance of certain organisms to these antagonists does not rest on an 
increased rate of metabolism of the drugs. The persistence of amethopterin 
in the tissues of mice was not found to be paralleled by a similar persistence 
in the tissues of human subjects by Freeman (152), who reported that, 
based on fluorimetric analyses, 58-100% of the administered drug was 
excreted in the urine in 6-12 hours, and the drug was not present following 
its administration for several w

T
eeks in the livers, kidneys, and spleens of 

human subjects who came to autopsy due to terminal cancer. It would be 
interesting to know if similar results could be obtained with such tissues if 
the enzymic assay described by Werkheiser (98) had been used. 

In contrast to aminopterin and amethopterin, DCMT was readily 
metabolized by mice, losing its 4-amino group and acquiring hydroxyl 
groups at the 4- and 7-positions to form an inert compound (153). This 
interesting finding may explain the low toxicity and high therapeutic ratio 
of DCMT for mice. The rate of breakdown of DCMT by human subjects 
is apparently much less rapid than in the case of mice, and the thera
peutic advantage of this compound over amethopterin for mouse leukemia 
does not appear to extend to clinical medicine. 

The use of a folic acid-deficient diet or the addition of x-methylfolic 
acid to the diet was found to block the response of the oviduct to estrogens 
in young chicks (154, 155). This effect of the antagonist was abolished by 
adding an excess of folic acid to the diet. An interference with hormone-
induced tumor growth by folic acid antagonists was suggested as a possi
bility resulting from this observation (154)> 

H. Folic Acid Antagonists in Microbial Growth 

I . EFFECTS ON M A L A R I A PARASITES AND OTHER PROTOZOAN PARASITES 

The first chemotherapeutic use of folic acid antagonists was the treat
ment of malaria with chloroguanide (proguanil, Paludrine) ( V I I I ) (156). 
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This compound is active by virtue of its conversion in vivo to the sym
metrical triazine ( I X ) (157), which is a class 1 folic acid antagonist (73, 
158). One of the first indications of this came from studies by Greenberg 
(159), who found that the antimalarial activity of proguanil in chicks was 
reversed by folic acid. The reversal, however, was incomplete and Green
berg states that "it is possible that the parasite may be able to use folic 
acid to synthesize another metabolite with which chloroguanide (pro
guanil) directly competes." This prediction has been strikingly borne out 
by the findings that folic acid is converted eventually to tetrahydro deriva
tives in vivo and that proguanil is changed in animals to the active cla»s 1 
folic acid antagonist ( I X ) , shown below. 

The 2,4-diaminopyrimidines and both series of triazines are active 
against Plasmodia in vivo and in vitro. Furthermore, the toxic effects of 
the 2,4-diaminopyrimidine pyrimethamine in many cases may be prevented 
by 5-CHOFAH4 without impairing the antimalarial potency of pyrimetha
mine, thus indicating that this drug combines more strongly with the dihy
drofolic reductase of the parasite than with that of the host (158). It is also 
noteworthy that Plasmodia are sensitive to sulfonamides and have a nutri
tional requirement for PABA, so that even in the absence of chemo
therapeutic drugs the virulence of these organisms can be greatly decreased 
by feeding the host a diet low in PABA and restored by adding PABA to 
the diet (160). This also indicates that the parasites are unable to utilize 
preformed folic acid because the diets used were not deficient in FA. 

The biological activity of the dihydrotriazines has been extensively ex
plored, starting with the original observations that proguanil increased the 
antimalarial activity of the sulfonamides. Foley concluded that the di
hydrotriazines interfered with the conversion of FA to citrovorum factor 
because inhibition of S. faecalis by the dihydrotriazines was reversed 
weakly by F A H 2 and more strongly by leucovorin, but not by FA. Foley 
used aseptic techniques without autoclaving in his microbiological pro
cedures (161); for example, one of the dihydrotriazines in a concentration 
of 0.6 Mg/ml was reversed by 1 Mg 7,8-FAH2 or by 0.0001 Mg leucovorin but 
not by FA. The difference between FA and F A H 2 might be due to the 
greater affinity of the latter for dihydrofolic reductase. 

(VIII) (IX) 
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Toxoplasma sp. and Eimeria tenella are protozoan parasites that re
semble Plasmodia in their susceptibility to class 1 folic acid antagonists 
and in the increase in response produced by adding a sulfonamide to the 
treatment {158, 162). In the case of toxoplasmosis, it was again possible by 
administering 5-CHOFAH4 to protect the host against pyrimethamine 
without impairing its effectiveness (163). 

The synergism between sulfonamides and class 1 folic acid antagonists 
against malarial organisms, toxoplasmosis, and coccidiosis (158, 159, 163) 
corresponds well with the successive sequence of the reactions involved in 
the synthesis of F A H 4 from PABA as shown in Fig. 2. 

2. EFFECTS ON Tetrahymena geleii 

The nutritional requirements of the ciliated protozoan T. geleii have 
been extensively studied by Kidder (164) and his collaborators. The organ
ism needs FA for growth, and 5-CHOFAH4 can be used to supply the FA 
requirement. Aminopterin was noninhibitory and completely inert, but 
amethopterin was markedly inhibitory and its effect was competitively 
reversed by FA over a wide range. These observations indicate that the 
dihydrofolic reductase system of T. geleii is inaccessible to aminopterin. 
Evidently the presence of the 10-methyl group in amethopterin conferred 
wider inhibitory powers than those of aminopterin for T. geleii. It was of 
interest that 4-amino-9,10-dimethyl-FA and 3^5'-dichloro-10-methyl-FA 
were strongly inhibitory, but several folic acid analogues substituted on 
the 9-position were inactive. No obvious explanation is available for these 
interesting observations in selective toxicity. 

3. LACTIC ACID BACTERIA 

Inhibition of the growth of L. casei and S. faecalis by folic acid antag
onists and reversal of the inhibition by FA were first described in 1947 
(56, 165). These two organisms and L. citrovorum have since been used in 
numerous investigations of the folic acid antagonists. 

Studies by Shive and his collaborators employing the techniques of 
"inhibition analysis" with "methylfolic acid" and the lactic acid bacteria 
(15, 166), gave the first clues that coenzyme forms of folic acid were re
duced and formylated (167, 168) and provided additional evidence for the 
participation of folic acid in purine and thymine synthesis (169). 

The growth of L. casei was inhibited by both classes of folic acid antag
onists and the inhibition was reversed competitively by FA. This was 
shown with z-methyl-FA (56), amethopterin (76), other2,4-diamino-
pteridines (76), and the 2,4-diaminopyrimidine series of compounds (59). 
FA and 5-CHOFAH4 (citrovorum factor, leucovorin) were equally ef-
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fective in reversing the inhibitory action of class 1 antagonists for L. casei, 
thus indicating that the conversion of folic acid to citrovorum factor (p. 502 ) 
was not blocked by these antagonists. Evidently, the folic reductase system 
of L. casei is not subject to pseudoirreversible blocking, or perhaps not to 
any blocking, by class 1 folic acid antagonists. These antagonists presum
ably exert their inhibitory effect on L. casei at other enzymic sites, such as 
F A H 4 formylase. This would explain the observation that either leucovorin 
or folic acid will competitively reverse the inhibition of growth with equal 
facility. 

In S. faecalis, the inhibition by class 2 antagonists is competitively re
versible by either folic acid or leucovorin. With class 1 antagonists, there 
is competitive reversal by leucovorin, but folic acid reverses only at high 
concentrations, and as the level of the antagonist is increased the reversing 
power of folic acid diminishes (170). These observations indicate pseudo-
irreversible blocking of the folic reductase system of S. faecalis by class 1 
antagonists. The strongly inhibitory effect of these on S. faecalis, the 
reversal of this effect by leucovorin and FAH4, and the failure of FA to 
reverse the effect except at low levels of antagonist and high levels of FA 
are all similar to the corresponding observations with mice (65), chicks 
(171), and human subjects (172), except that data for F A H 4 are lacking 
for the two last-named species. 

As might be anticipated, the effect of various class 1 folic acid antag
onists in stopping the growth of S. faecalis was in every case quantitatively 
similar to the effect in inhibiting the synthesis of citrovorum factor ac
tivity (172). 

The organism L. citrovorum responds very poorly to folic acid, although 
high levels will enable it to grow. It responds readily to citrovorum factor 
or to tetrahydrofolic acid (65). These observations indicate that L. citro
vorum is deficient with respect to the folic acid reductase enzyme system. 
Aminopterin (174) and other class 1 folic acid antagonists inhibit the 
growth of L. citrovorum, and this inhibition is competitively reversed by 
leucovorin and noncompetitively by thymidine. 

Studies of the effects of folic acid antagonists on isolated enzyme systems 
are essential in evaluating the mode of action of the antagonists. Neverthe
less, the complete approach to the problem involves also a consideration 
of their effect on intact organisms. As an example, we may consider the 
effects of aminopterin on L. citrovorum. FA is only slightly effective for 
growth of this organism but F A H 4 and 5-CHOFAH4 are well utilized, 
indicating that its FA reductase system is defective. Aminopterin inhibits 
its growth and the inhibition is reversed competitively by F A H 4 or 5-CHO-
F A H 4 and noncompetitively by thymidine (175). Evidently aminopterin 
and F A H 4 compete for an enzyme site on the pathway between F A H 4 and 
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thymidine. The shortest route (Fig. 2) of this pathway is in two steps, as 
follows: 

serine uracil deoxyribotide 
F A H 4 • 5 ,10-CH2FAH4 • thymidine + F A H 2 

A class 2 folic acid antagonist, 10-methyl-PGA, was quite effective 
against S. faecalis, but its activity was weak against L. citrovorum and was 
reversed noncompetitively by leucovorin or competitively by folic acid 
(175). An explanation of the results with L. citrovorum is that 10-methylfolic 
acid may be a weak inhibitor of dihydrofolic reductase but is ineffective 
against the other folic acid enzyme systems, while the class 1 antagonists, 
as typified by aminopterin, are competitive inhibitors of one or more of 
the other folic acid enzyme systems. 

Kisliuk found that the mildly inhibitory action of aminopterin for 
L. citrovorum was increased more than 50-fold by hydrogénation (69). This 
fits in well with the concept that this organism lacks dihydrofolic reductase 
(Table I I ) and therefore should be less susceptible to an inhibitor of di
hydrofolic reductase than to an inhibitor of other enzyme systems such as 
thymidylate synthetase. 

4. EFFECTS ON MICROORGANISMS WHICH SYNTHESIZE FOLIC ACID 

Studies of the effect of aminopterin on growth of microorganisms which 
do not require preformed folic acid have been rather limited. In general, 
much higher levels of aminopterin are required to inhibit growth of micro
organisms such as E. coli (176), Candida tropicalis (177), and Torula 
cremoris (178) as compared to the levels of aminopterin required for 
inhibition of lactic acid bacteria. The growth inhibition of aminopterin 
for these microorganisms can be reversed, at least in part, by known 
products of the action of folic acid coenzymes, the reversing agent being 
dependent on the conditions of study. Franklin et al. (176) found that the 
toxicity of aminopterin, about 0.1 mg/ml, for growth of E. coli was not 
reversed by 0.4 mg PGA/ml, but much smaller amounts of thymidine,. 
0.01 mg/ml, restored growth. The ineffectiveness of PGA may be due to 
the absence of folic reductase as suggested by Brown (Section I I I , D ) . 
Broquist (178) reported that methionine, adenine, and histidine were 
noncompetitive antagonists of aminopterin for T. cremoris. 

Nickerson and Webb studied (177, 179) the effect of various analogues of 
folic acid on growth and cell division of various microorganisms which do 
not require folic acid for growth. The lag phase of the yeast C. tropicalis 
was markedly prolonged by growth with aminopterin, and microscopic 
examination of such cultures revealed greatly elongated mycelial cells. 
Eventually, normal growth occurred and was thought to be associated 
with reductive cleavage of aminopterin to give a butanol-soluble pteridine 
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and PABG. The authors speculated on the similarity of this cleavage to 
the degradation of folic acid by liver homogenates, as described by Rauen 
(180). With E. coli grown with 10~

5
 M aminopterin extremely long fila

mentous cells were produced. A lowered basophilia and the absence of 
clearly demonstrable nuclear elements were associated with such filamenta-
tion, together with a significant decrease in the D N A content of such cells. 
Cells of E. coli grown in the presence of analogue plus thymine, however, 
were of normal morphology and D N A content. These effects of amino-
pterin on E. coli growth and morphology are reminiscent of "thymineless 
death" described by Cohen (181) and associates. 

Whitaker and Umbreit (182) have reported a rather unusual situation 
wherein a mutant of Saccharomyces cerevisiae which is stimulated by biotin 
or aspartic acid is insensitive to aminopterin when grown in the absence 
but not in the presence of biotin or aspartate. Under these latter nutri
tional conditions the inhibition of growth stimulation is reversed by 
adenine and thymine. Presumably, in the absence of added biotin or 
aspartate the biosynthesis of purine and pyrimidines is carried on by reac
tions that are invulnerable to aminopterin, but when the yeast is stimu
lated by the addition of biotin or aspartate the pathways of biosynthesis of 
nucleic acid components dependent on folic acid coenzymes are operative 
and sensitive to aminopterin inhibition. 
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