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I. GENERAL PRINCIPLES OF ANTIMETABOLITE ACTION 

The editors of this book on inhibitors have asked me to describe the 
antimetabolites of the water-soluble vitamins. A few definitions are in 
order so that the scope of this chapter can be seen clearly. Likewise, some 
outline of theory will be needed in order to understand what an antime
tabolite is and what one can expect to do with it. If one is to use such 
compounds intelligently, it is essential to know how they act. 

The water-soluble vitamins are ascorbic acid, biotin, choline, cyanoco
balamin (vitamin B i 2) , folic acid, inositol, nicotinic acid, pantothenic 
acid, pyridoxine, riboflavin, and thiamine. These are the substances which 
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are soluble in water, and which are required in the diet of higher animals 
in order that these creatures remain alive and healthy. They are the 
essential metabolites of an organic nature, which higher animals are un
able to synthesize rapidly enough and consequently require in their food 
in addition to the major nutrients, such as carbohydrates, proteins (or 
amino acids), and fats. There are substances in addition to the ones cited, 
which may also be dietary essentials for other kinds of living things and 
may be called vitamins for such species. Thus, p-aminobenzoic acid is a 
dietary essential for a few species of yeasts and bacteria, and thymine, or 
orotic acid, or pimelic acid, or mevalonic acid, or thioctic acid are vita
mins for certain other species of microorganisms. It would be good to be 
able to include these also, especially because it was with one of them 
(p-aminobenzoic acid) that the phenomenon of antimetabolites first was 
popularized. However, to call these vitamins would not be in accordance 
with the generally accepted definition. For those who desire a more com
prehensive list of essential metabolites and their antimetabolites a mono
graph is available (1). This monograph discusses most of the examples 
of antimetabolites up to 1951. The present chapter will deal only with 
the water-soluble vitamins and will give examples of their antimetabolites 
(old and new) up to the middle of 1960. 

A. Definition 

An antimetabolite is a structural analogue of an essential metabolite, 
vitamin, hormone, or amino acid, etc., which is able to cause signs of 
deficiency of the essential metabolite in some living thing or in some 
biological reaction. It is important to note the two parts of the definition. 
Not all structural analogues of a vitamin are antimetabolites of it al
though several of them may be. Not all compounds which cause signs of 
deficiency of a vitamin are antimetabolites of it. Thus, for example, one 
can call forth signs of deficiency of thiamine in an animal by treatment of 
its food with sodium sulfite. The sulfite destroys the thiamine by means 
of a chemical reaction with it, but it is not an antimetabolite of thiamine. 
Similarly, diisopropylfluorophosphate (DFP) can antagonize the action of 
cholinesterase by combining with the active center of the enzyme. This, 
however, does not make DFP an antimetabolite either of cholinesterase 
or of acetylcholine. Failure to recognize such distinctions has led to sev
eral misconceptions among some who have been interested in the applica
tion of antimetabolites to pharmacology and therapeutics. In other words, 
not all blocking agents for a biological reaction are antimetabolites. This 
is of some importance because in this book all sorts of blocking agents 
or inhibitors are being discussed, only some of which are antimetabolites. 
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B. Mechanism of Action 

To understand what an antimetabolite is one must know something 
about the mechanism of enzyme action. An enzyme, such as cocarboxylase 
synthetase, reacts with its substrate (or substrates), in this case thiamine 
and adenosine triphosphate to form a reversible and unstable complex. 
This complex then rearranges in such a way as to form the products of 
the reaction (in this case cocarboxylase plus adenosine monophosphate) 
and to regenerate the enzyme. The combination of enzyme and substrate 
apparently takes place because the enzyme has in it an active site so 
formed as to combine specifically with the substrate. Every detail of the 
shape of the substrate molecule, as well as the ionized groups and the 
otherwise chemically reactive groups which it may contain, is important 
to this combination. The enzyme fits the substrate at many points. The 
idea one hears so often nowadays of a mere three-point attachment fails 
to take account of a considerable body of experimental findings. It is a 
multipoint attachment, and not just a three-point one even when the 
substrates are small molecules. It is important to the enzyme cocarboxy
lase synthetase that there is a methyl group in the 2-position of thiamine, 
and not an ethyl group, even though no ionizable charge and no chemical 
reactivity is involved in either methyl or ethyl. The shape and size of the 
substrate molecule are the principal factors which decide whether or not 
it will combine with the enzyme at the active site. The studies with anti
metabolites have shown that ionic charges in the substrate molecule may 
also be important but that many times they are of secondary importance. 

The antimetabolite is a chemical substance which is shaped like the 
substrate. In other words, it is a structural relative or analogue of the sub
strate. Probably for this reason it also is able to combine with the active 
center of the enzyme. It occupies the active site to the exclusion of the 
substrate. For this reason an antimetabolite is usually found to displace 
its analogous essential metabolite. In a living animal one observes this 
by finding that the antimetabolite brings about the excretion of the me
tabolite or its metabolic degradation products and reduces the content of 
the metabolite in the tissues. 

Although the antimetabolite is able to combine with the enzyme be
cause of its similarity in structure to the metabolite, it may not be similar 
enough to undergo the rearrangement typical of the normal enzymic re
action. For this reason products are not formed, and the enzyme is not 
regenerated. The result is that deficiency of the normal products is pro
duced. One sees this in a living animal as the induction of a deficiency of, 
let us say, thiamine, which is seen biochemically as a lack of cocarboxylase 
with ensuing elevation of pyruvate in the tissues. Thus, pyrithiamine is 
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one of the best antimetabolites of thiamine. When it is administered to 
adequately nourished animals, it calls forth the typical signs of thiamine 
deficiency of dietary origin. The disease can be prevented or cured by 
increasing the thiamine intake of the animal. The enzyme system (cocar-
boxylase synthetase) which forms cocarboxylase from thiamine and 
adenosine triphosphate has been studied in vitro with respect to inhibition 
by pyrithiamine (2). This system is inhibited by pyrithiamine competi
tively, with the result that cocarboxylase formation is prevented. The 
enzyme will not use pyrithiamine instead of thiamine, as was shown by 
the finding that no pyrithiamine pyrophosphate was produced from the 
analogue. 

Although several reactions are known in which the analogue is not 
changed by the enzyme, this is not always found. In many cases the anti
metabolite fits the enzyme well enough so that products are formed from 
it as well as from the essential metabolite (the normal substrate). These 
products are abnormal and may act as an antimetabolite in the next step 
of the metabolic chain, or at later steps. The formation of these abnormal 
and harmful products has been termed lethal synthesis by Peters (3, 4), 
who showed that an analogue of acetic acid, viz., fluoroacetic acid passes 
through those enzymic reactions of the Krebs cycle by means of which 
acetic acid is converted to citric acid and aconitic acid. The fluorocitric 
acid so formed was a potent antimetabolite of aconitase which normally 
acts on citric acid to form aconitic acid. The animal had thus unwittingly 
elaborated a powerful poison. 

Several examples of the metabolism of an analogue to yield abnormal 
products which are themselves inhibitors have been studied with anti
metabolites of purines, pyrimidines, and amino acids. For example, 5-
fluorouracil is an antimetabolite of uracil (5). The enzymes which convert 
uracil into deoxyuridylic acid likewise convert the fluoroanalogue into 
5-fluorodeoxyuridylic acid. The fluoroanalogue of the nucleotide then acts 
as a potent inhibitor of the enzyme system which converts deoxyuridylic 
acid to thymidylic acid (6). In like fashion, the antimetabolite of thymine 
known as 5-bromouracil is converted to the deoxynucleotide which is in
corporated into the deoxy nucleic acid. The result of these alterations is 
to generate cells which, instead of having normal shape, become fila-
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mentous (7), or to produce deoxynucleic acid of altered transforming 
principle activity (8). So also, 2-thiouracil is incorporated into the ribo
nucleic acid of some plant viruses which then show altered ability to re
produce (9). Analogues of guanine and of adenine are similarly incorpo
rated into nucleic acids, and analogues of amino acids are frequently 
incorporated into proteins. 

Sometimes the structural analogue can fulfill adequately the role of 
the real metabolite as a substrate for its enzyme without doing harm to 
succeeding reactions. In such cases the analogue is no antimetabolite at 
all and acts as a substitute for the normal metabolite. One instance is 
known in which the analogue is better suited to the enzyme than is the 
normal substrate. This is 2-azahypoxanthine, which is a better substrate 
for xanthine oxidase than is hypoxanthine itself (10). We can thus appre
ciate again what was said in the beginning, viz., that mere structural 
analogy is not the only criterion for an antimetabolite. 

Plainly then, an antimetabolite can exert several influences on a se
quence of biological reactions. It can exclude its related metabolite from 
reaction with its enzyme. It may react with that enzyme and be converted 
into an abnormal product, which then either acts as an antimetabolite 
for the next enzyme in the sequence or is acted on by that enzyme and 
converted into a new abnormal product for which the same two possibili
ties exist. If the abnormal products are not inhibitors of their particular 
enzymes, the living organism can escape damage by the analogue. How
ever, even though the analogue may be converted into unnatural products 
which are not potent inhibitors, the rate of each reaction involved with 
them may be somewhat slower than those with the natural substrates. 
The net result then is to slow down a whole metabolic sequence, and this 
may be harmful to the organism. 

Many vitamins and other essential metabolites fulfill more than one 
function. In other words, each is usually a substrate for more than one 
enzyme. Because these differ, the affinity of an analogue of the metabolite 
for enzyme A may differ from its relative affinity for enzyme Β or C. For 
this reason it is possible to single out and inhibit only one or two enzymes 
and to leave the others relatively uninhibited. In this way only one func
tion of a vitamin may be inhibited, without hindrance to others, just as it 
is also possible to inhibit the activities of one vitamin while leaving the 
activities of other vitamins untouched. This great specificity is one of the 
reasons why the antimetabolites are proving to be such powerful tools for 
the study of a variety of biochemical processes. The complexity of events 
as outlined in the preceding paragraph makes it necessary to be cautious 
in interpretation and to substantiate the findings with independent evi
dence from other techniques. 
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C. Reversibility, Competitive and Noncompetitive 

As mentioned above, the reaction of the substrate with its enzyme is 
reversible, and so also the reaction of the antimetabolite with the enzyme 
may be. If it is, then the inhibition of the enzyme caused by the anti
metabolite can be overcome merely by an increase in the relative con
centration of the substrate in the system. Two reversible reactions are in 
progress and in competition for a common reactant, viz., the enzyme. 
The factors which decide which molecule, substrate, or antimetabolite 
combines with the enzyme are the relative affinities of each for the enzyme 
and the relative concentrations. If equal concentrations of substrate and 
antimetabolite are present, and if the affinity of the substrate for the 
enzyme is 1 and that of the antimetabolite is 0.1, then the enzyme will 
react principally with the substrate, and one will see little inhibition. If, 
however, the concentration of the antimetabolite is increased 100-fold, 
the enzyme will then react principally with the antimetabolite, and one 
will see almost complete inhibition. Similarly, if the antimetabolite con
centration is allowed to remain at the 100-fold value, but the concentra
tion of substrate is increased 100 times, one will again find no inhibition 
because the ratio of substrate to inhibitor has now returned to the original. 
This is the situation described by the term competitive inhibition. It de
pends on the complete and ready reversibility of both the substrate-enzyme 
reaction and the antimetabolite-enzyme reaction. If the relative affinities 
of substrate and antimetabolite for the enzyme are equal rather than 
differing by tenfold as in the example just given, then partial inhibition 
will result even when substrate and antimetabolite are present in equal 
concentrations. 

If the antimetabolite-enzyme reaction is not freely reversible, then one 
sees noncompetitive inhibition. This is a state of affairs in which increases 
in the substrate concentration do not result in the overcoming of the 
inhibition. If the antimetabolite were to attach itself firmly to the enzyme 
by means of some chemically reactive group in it, the substrates at any 
concentration might not be able to displace it. The enzyme is in effect, 
destroyed. This represents the extreme case of noncompetitive inhibition 
which is called irreversible inhibition. Between complete irreversibility 
and competitive reversibility one finds all gradations of noncompetitive 
reversibility. Examples of competitive inhibition are found with pyrithia-
mine against thiamine, sulfanilamide against p-aminobenzoic acid, 
pantoyltaurine against pantothenic acid, and aminopterin against folic 
acid when the experiment is carried out in Streptococcus faecalis R. (11). 
Completely irreversible antagonism is seen with the dibromoanilide cor
responding to sulfanilamide, with phenylpantothenone in Saccharomyces 
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cereviseae (but not in organisms such as Lactobacillus casei), with gluco-
ascorbic acid against ascorbic acid in mice (but not in guinea pigs), and 
with aminopterin in mice or Escherichia coli. Reversibility of the non
competitive type can be seen with oxythiamine against thiamine or with 
aminopterin in certain lactic acid bacteria. 

We see immediately that the kind of antagonism one observes often 
depends on the species used for test. This would seem to be logical because 
not only do the enzymes concerned vary from species to species, but the 
means of transporting complex molecules into cells is not the same in all 
kinds of living things. This latter point is mentioned not as an hypothesis 
plucked from a hat, but because it has been shown that it is of importance 
in this matter. Thus, phenylpantothenone is a competitive inhibitor 
against pantothenic acid in all of those species of microorganisms which 
have a dietary requirement for pantothenic acid, while it is totally ir
reversible by the vitamin in those which do not show this dietary require
ment (12). These latter organisms synthesize their own pantothenic acid 
within the cells and consequently do not need to take it in from outside, 
whereas the former species must bring in this vitamin through the cell 
membranes from the medium. This of course is no proof that the differ
ence must be in the pantothenic acid transport mechanism. Nevertheless, 
it is not without interest that experiments with antimetabolites of pyri
doxine have pointed to this same mechanism to explain the difference in 
susceptibility. This experiment was of particular elegance because it em
ployed the same species. Under one set of conditions Saccharomyces carls-
bergensis requires pyridoxine for growth and is inhibited by the anti
metabolite deoxypyridoxine (IS). Under another set of conditions this 
same organism makes its own pyridoxine and is not then inhibited by 
the antimetabolite. Whatever the explanation may be of why the type 
of reversal frequently is found to depend on the particular test system 
when living organisms are employed, the fact that it does is important. 
This fact means that competitive reversal is not an adequate test of 
whether a pair of structural analogues is behaving as metabolite and 
antimetabolite. Many bitter arguments have raged in the literature, and 
still are raging, because the contenders have not recognized this point. 
We see only that when a structural analogue does behave as a competi
tive antagonist of its related metabolite one has additional evidence that 
it is an antimetabolite, but when it does not behave competitively one 
cannot conclude that it is not acting as an antimetabolite of the related 
metabolite. 

One of the reasons for this conclusion has been an accumulation of a 
mass of information of which the following will serve as example. Indirect 
evidence of antimetabolite action can frequently be found by biochemical 
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studies even though the vitamin will not overcome the harmful actions 
of one of its analogues. Thus, although aminopterin (see formulas) is a 
close structural analogue of folic acid, and is antagonized competitively 
by it in some species, in others it is not competitively antagonized. With 
E. coli, for example, aminopterin is poisonous, but is not reversed at all 
by folic acid. The harmful effects in E. coli are overcome by thymidine 
(14)) which is an essential metabolite formed inside of the cells by media
tion of biochemical reactions for which folic acid in the form of one of its 
coenzymes is responsible. It would thus seem that aminopterin is in fact 
poisonous to E. coli because it interferes with the action of folic acid even 
though folic acid will not reverse the toxicity. 

This brings us to product reversals. Product reversals are always non
competitive, but for a reason quite different from those discussed above. 
If an enzymic reaction is inhibited by an antimetabolite, a failure to form 
the normal products of this reaction ensues, as we have seen. These prod
ucts may be supplied from the food of the organism, so that the deficiency 
is made up from without. The organism consequently suffers no lack of 
the required products because it proceeds to use those from outside. These 
externally supplied products can thus overcome the harmful action of the 
antimetabolite. The reason why such product reversals are always non
competitive is now clear. Once the enzymic reaction has been shut down 
by the antimetabolite the only thing which is needed is to supply an 
amount of product from outside which is sufficient for the requirements 
of the cell. Additional amounts are of no use regardless of how much anti
metabolite is present. Any additional antimetabolite cannot combine with 
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the enzyme since this enzyme is already saturated with it and removed 
from the sphere of action. Thus, the supplying of cocarboxylase will bring 
about a noncompetitive reversal of the harmful action of pyrithiamine on 
a yeast cell because of cocarboxylase added from outside meets all the 
needs of the cell for this coenzyme. Increases in the pyrithiamine concen
tration are of no importance since the cell is getting sufficient product of 
the reaction which pyrithiamine inhibits. 

In practice, the immediate product of the inhibited reaction frequently 
is unable to overcome an inhibition because of failure of the product to 
enter the cell, or because of rapid destruction of it before it can enter. 
This is frequently the case for phosphorylated products such as the co
enzymes, but if one searches long enough one can usuallyo find a species in 
which the demonstration can be made. Much more commonly, the prod
ucts which show the reversing effect towards an antimetabolite are sub
stances with no structural analogy to the antimetabolite. To understand 
why this should be we need only remember that the product of a reaction 
which is being inhibited by an antimetabolite is of course related in struc
ture to the antimetabolite. This product, however, may then be used 
either as substrate for a new reaction, or for a coenzyme. If it is used as a 
coenzyme the products of the reaction it catalyzes may have no structural 
resemblance to the coenzyme. They resemble only the substrate of the 
reaction being catalyzed by the coenzyme; for example, pyrithiamine in
hibits the formation of cocarboxylase from thiamine. The cocarboxylase 
is used in the next reaction in the sequence as a coenzyme. In this reaction 
it combines with apocarboxylase to yield the new product, which is the 
enzyme carboxylase. This enzyme now reacts with pyruvic acid to yield 
acetaldehyde and carbon dioxide. These final products have no structural 
resemblance to pyrithiamine, and yet, in suitable test systems, they 
would be expected to overcome the inhibition caused by it. Similarly, 
take the case cited above of aminopterin and thymidine in E. coli. Amino-
pterin is an antimetabolite of folic acid. Folic acid is converted by a series 
of enzymes into formyltetrahydrofolic acid or some derivative of this 
structure. This new compound now acts as a coenzyme to combine with 
an apoenzyme to yield a product which is an enzyme. This new enzyme 
acts on its substrate, which is deoxyuridylic acid. The product of this 
reaction is thymidylic acid which can then be degraded to thymidine by 
a phosphatase. This thymidine can be reconverted to thymidylic acid by 
a new enzyme. If one supplies an external source of thymidine to the cell, 
it is taken up and used for the formation of thymidylic acid and other 
vital products which the cell ordinarily makes from it. If the cell receives 
the thymidine from outside, it can suffer its own machinery for thymidine 
production to be blocked by aminopterin. 
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The classic example of product reversal is that involving sulfanilamide 
as the antimetabolite (15, 16). The bacteriostatic action of sulfanilamide 
is overcome competitively by the structurally related metabolite p-amino-
benzoic acid. It is also overcome noncompetitively by methionine, adenine 
or xanthine, valine, and folic acid. Except for folic acid, which is a deriva
tive of p-aminobenzoic acid, none of these compounds has any structural 
resemblance to the antimetabolite. It is now known, however, that folic 
acid is made biochemically from p-aminobenzoic acid (17) and that each 
of the other reversing agents is synthesized by way of reactions in which 
folic acid derivatives act as coenzymes. One can now understand why 
product reversal is always noncompetitive and why the reversing agents 
frequently have no structural analogy to the antimetabolite. 

D. Systems Which Are Inhibited by Antimetabolites 

Antimetabolites act on living organisms to call forth the signs of defi
ciency of the structurally related metabolite. They also act on isolated 
enzyme systems, as well as on fragments of tissues and other preparations 
of intermediate complexity. On the isolated enzyme system they cause 
inhibition of the formation of products and inhibition of the disappearance 
of substrate. The kinds of test system in which they are studied are very 
numerous, since any species of living thing, or fragments of such living 
things, is used for assays and evaluation. The growth of a bacterial or 
fungal species has frequently been used as an index of antimetabolite ac
tivity of a compound. Similarly, the growth of higher animals has also 
been much used for this purpose. With higher animals one has an advan
tage over the bacterial tests because, with the antimetabolites of the 
vitamins, one can see the development of the specific signs of avitaminosis, 
which can then be cured by administration of the related vitamin. 

The usual course of events is to demonstrate the antivitamin action of 
a structural analogue in some living thing and then to trace its mechanism 
of action down to the individual enzymic reactions which are being inhib
ited. Sometimes, however, things are done in the reverse order. An en
zymic inhibitor related in structure to the substrate of that enzyme is 
used in living things with the resulting creation of specific deficiencies. 
This has frequently been done with antimetabolites of essential metabo
lites which are not vitamins. Such essential metabolites the organism 
makes for itself. The use of the antimetabolite then may show that changes 
would arise in the organism if it were not able to make this metabolite. In 
this way the physiological role of some constituents of living things has 
been discovered. 
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Not all test objects are of equal value for the testing of antimetabolites. 
Much is known about how to choose a test system to suit the question 
being asked. For advice on this subject the reader must consult works 
such as the monograph cited earlier (1), for space will not permit a dis
cussion here. 

The same general principles apply to antimetabolites of a large number 
of essential metabolites. They are not restricted to antimetabolites of the 
water-soluble vitamins, even though this chapter is so restricted. 

In the remainder of this chapter it is proposed to discuss very briefly a 
number of antimetabolites of each of the water-soluble vitamins. No 
attempt will be made to be encyclopedic and to include all examples or 
everything which is known about each example. Rather, the salient facts 
will be mentioned. 

II. ANTIMETABOLITES OF WATER-SOLUBLE VITAMINS 

A. Ascorbic Acid Antimetabolites 

Despite the fact that ascorbic acid was the first vitamin to be recog
nized chemically and despite the simplicity of its chemical structure which 
enables many relatives of it to be synthesized, only one of these analogues 
is known to be an antimetabolite. This one is glucoascorbic acid. Even 
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for glucoascorbic acid the role of antimetabolite is disputed by some, as 
we shall see presently. One of the reasons for this paucity of specific an
tagonists for this vitamin is undoubtedly the fact that its precise bio
chemical role is still unknown even though attempts at understanding 
have gone on for 30 years. As a result, the recognition of an antiascorbic 
acid effect must depend on the production of a scurvy-like syndrome in 
guinea pigs or other mammals. No microbial or enzymological tests can 
be used as shortcuts. 
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The facts about glucoascorbic acid are these. When mice or rats or 
guinea pigs are fed an adequate ration of highly purified components to 
which has been added 2-5% of glucoascorbic acid, they fail to grow nor
mally and develop some, but not all, of the lesions usually associated with 
scurvy {18-20). Mice show these signs more readily than do rats. The 
toxic effects of glucoascorbic acid cannot be either prevented or cured by 
ascorbic acid in mice or rats (species which do not require dietary ascorbic 
acid, but make their own supplies), but in guinea pigs fed a synthetic 
basal ration plus the analogue, the vitamin will overcome the depression 
in growth caused by the analogue (19). For both mice and guinea pigs, 
the toxic action is, however, overcome by the inclusion in the diet of 
various dried plants, such as alfalfa, cabbage, and apples, (18, 21). Two 
studies which did not take this fact into account in the planning of the 
experiments (20, 22) ended with the conclusion that the toxicity of gluco
ascorbic acid was not related to scurvy, since in guinea pigs ascorbic 
acid did not overcome the poisonous effects of the analogues. In these 
studies, a synthetic ration was not used, with the result that large amounts 
(10% of the ration) of analogue were required to cause toxicity. It is quite 
possible that at this level, toxicity not related to ascorbic acid deficiency 
was encountered. The plant materials in the nonsynthetic ration would 
have supplied the substance which has been found to overcome the scurvy
like condition. 

It is possible that the material in various plants which overcomes the 
toxic action of glucoascorbic acid is a product which is formed directly 
or indirectly in biosynthetic reactions involving ascorbic acid. In other 
words, we may be dealing with a case of product reversal as described 
earlier in the theoretical section of this chapter. This, however, has not 
been proved. The substance in plants which counteracts glucoascorbic 
acid has never been isolated in chemically pure condition. It is neverthe
less quite different in behavior from ascorbic acid. 

In addition to its structurally specific role as a vitamin, ascorbic acid 
is also a reducing agent. This property it shares with glucoascorbic acid 
and several other analogues. Occasionally, the addition of ascorbic acid to 
complex biological mixtures (e.g., tissue homogenates) will bring about 
stimulation of some biochemical reaction, not because of the direct partic
ipation of the antiscorbutic vitamin, but because of the reducing action. 
Glucoascorbic acid will replace ascorbic acid in such cases, as will also re
ducing agents with no structural resemblance to the vitamin. This fact 
has usually been well recognized, although not always. 

Other analogues of ascorbic acid have been tested for their ability to 
call forth a scurvy-like condition in mice or rats, but glucoascorbic acid 
has been the only one found able to do so. Of course, if the amount of any 
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analogue added to a ration is great enough some sort of toxic manifesta
tion can be expected to be produced by it. Enough NaCl would also cause 
toxic signs to appear. However, as much as 10% of araboascorbic acid 
has proved harmless to growing mice fed a synthetic ration (18). Beyond 
amounts such as these it becomes impractical to go. 

B. Biotin Antimetabolites 

A variety of changes in the structure of biotin has yielded agents which 
will inhibit the growth of selected species of microorganisms. The inhibi
tion can be overcome by increasing the biotin content of the medium; 
for example, the introduction of a cyclohexane ring in place of the thio-
phane ring of the vitamins (see structural formulas), or the elimination 
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of the sulfur atom, or its oxidation to a sulfone (28-80) will give such in
hibitory analogues. A similar result is achieved by replacement of the car
boxyl group of the vitamin by a sulfonic acid radical and the simultaneous 
exchange of a sulfur in the thiophane ring for an oxygen atom (81, 82). 
The next higher homologue of biotin, viz., homobiotin, which differs from 
it only by having an extra —CH2— group in the side chain, has been 
reported to inhibit the growth of some yeasts in competition with the 
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vitamin, but to replace biotin as a growth factor for other species (88, 84). 
There are other examples in which the side chain has been shortened 
rather than lengthened. However, not all structural analogues of this 
vitamin show properties of an antimetabolite; for example, the thiazole 
relatives appeared to be inert (85), although in view of what will be said 
in the following paragraph one cannot be sure of this without much more 
data. Oxybiotin in which an Ο atom replaces the S of the vitamin seems 
not to be an antibiotin. One of the naturally occurring antibiotics, a 
thiazolidone derivative, has been shown to be an antimetabolite of biotin 
(86). 

Although the analogues mentioned above can act as antagonists to 
biotin when tested in some species, in other species they may act as a 
substitute for the vitamin (88, 84, 87, 88). This has been found true for 
almost every analogue mentioned, provided that a suitable test organism 
is selected. Thus, ureylenecyclohexylbutyric acid has bio tin-like activity 
for Leuconostoc dextranicum (87), but antibiotin activity for several other 
species. Oxybiotin and dethiobiotin, but not homobiotin or the ureylene-
cyclohexyl compounds have biotin-like activity for Candida albicans but 
are antibiotins for other species (88). Each analogue may be biotin-like 
or an antibiotin, depending on the organism chosen for assay. Perhaps 
the explanation for this dualism is that the enzymes which use biotin dif
fer slightly from species to species. The enzyme of one species may possi
bly use a given analogue in place of biotin, but in another species the 
active site of the enzyme may not be able to use the analogue so that 
inhibition results. No extensive study of the effects of these compounds 
on animals has been recorded. 

Because the biochemical reactions in which biotin functions are just 
now being discovered, no reports have yet appeared which tell of the ac
tions of these antimetabolites on isolated enzyme systems. There is, how
ever, a protein known as avidin which has occasionally been used in an 
effort to study the functioning of biotin in certain enzyme systems. This 
protein is not an antimetabolite but rather a substance which specifically 
and irreversibly binds biotin, thus rendering it unavailable for most other 
reactions. Some of the biotin analogues will occupy the biotin-combining 
site of avidin (89). In this respect then, these analogues behave according 
to the theoretical mechanism of action of antimetabolites in which avidin 
instead of an enzyme is the participating protein. 

C. Choline Antimetabolites 

Relatively few antimetabolites of choline are known. Triethylcholine 
will cause the histological changes typical of choline deficiency in the 
kidneys of young rats and will depress the growth rate of these animals 
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in competition with choline (40, J^l). I t is choline-like in a microbial test 
system (42) as well as in some functions in the rat (40). α,α-Dimethyl-
choline likewise is an antimetabolite of choline in rats (43) and in a choline-
requiring strain of the yeast Saccharomyces carlsbergensis, but not in Neuro
spora crassa (42). Perhaps the most active anticholine yet known is 2-
amino-2-methylpropanol (44)- Several inactive analogues are known (42). 
In rats triethylcholine is incorporated into the lecithin in place of choline 
(41). Since the biochemical roles of lecithin are so poorly understood, it 
is not known whether or not the unnatural lecithin analogue produced, 
from the choline analogue is biochemically acceptable. 
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It is odd that more is not known about the biological effects of choline 
analogues. The role of this vitamin in several biochemical reactions is 
well known, and its chemical structure is simple, so that synthesis of 
analogues is easy. Choline is the substrate from which the neuromuscular 
hormone acetylcholine is made. It is also the substrate for choline oxidase 
and for the enzymes which form the various choline-containing complex 
lipids. Many highly effective antimetabolites of acetylcholine are known 
and are used in medicine. The lack of antimetabolites of its parent sub
stance, choline, thus seems strange for the usefulness of a good one which 
could be expected to control the production of this important hormone 
must be evident. A start has been made in this direction, however, with 
the discovery of a choline analogue which inhibits acetylcholine biosyn
thesis (45). Perhaps the future holds much for antimetabolites of choline. 
One reason why progress has been slow has been the reluctance of phar
macologists to use biochemical knowledge in the design of their experi
ments. Another reason is that choline is one of the weakest vitamins quan
titatively. A deficient animal requires so much choline to meet its needs 
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for all of the uses to which this substance is put that an analogue must 
be very potent before its effects can be measured in a nutritional type of 
study. Perhaps if attention were directed only at the function of choline 
which leads to the formation of acetylcholine, as in (45), the problem 
would be simplified. A more specific test for activity of an anticholine 
would thus be introduced. 

D. Cyanocobalamin or Vitamin B 12 Antimetabolites 

Because the chemical structure of cyanocobalamin (or vitamin B i2) has 
been established so recently, and because it is so complicated, only a very 
few antimetabolites of it are known. The vitamin itself has not been syn
thesized chemically, so that the only structural alterations possible have 
been those which can be made by starting with the vitamin itself and in
troducing simple changes by means of reactions which will not disrupt 
other parts of the molecule simultaneously. Thus, it is possible to remove 
the amide groups or convert them into substituted amides. One of the ani-
lides and one of the monoamides formed in this way have proved to be anti
metabolites of the vitamin both in microorganisms and in chickens (4#-50). 
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Before the complete structure of cyanocobalamin was known, but after 
the discovery that it contained a 5,6-dimethylbenzimidazole, position 
isomers of this benzimidazole were tested and were said to act as anti
metabolites of the vitamin (51, 62). Thus, 2,5-dimethylbenzimidazole 
was said to inhibit the growth of rats fed a cyanocobalamin-deficient diet 
plus thyroxine. The experiments were not extensive enough to establish 
whether or not the 2,5-dimethyl analogue was in fact acting as an anti
metabolite of cyanocobalamin, or whether it was acting only as an anti
metabolite of 5,6-dimethylbenzimidazole when the latter was serving as 
substrate for the synthesis of cyanocobalamin. Under the conditions of 
the experiment it is known that rats, via their intestinal microflora, do 
synthesize cyanocobalamin or its derivatives with vitamin activity. Con
sequently, if the 2,5-dimethylbenzimidazole were acting as an antimetab
olite of 5,6-dimethylbenzimidazole, and not of cyanocobalamin, the ob
served results would have been the same. It should be possible readily to 
settle this point by designing the experiment in such a way as to study 
competitive reversal and product reversal. 

A considerable number of antimetabolites are known which specifically 
interfere with the biosynthesis of cyanocobalamin (63, 5Jf). These are not 
antimetabolites of cyanocobalamin but rather of the benzenoid moiety of 
it. They inhibit the synthesis of the vitamin and only indirectly inhibit 
its functioning. Some of these compounds have shown considerable prom
ise in the cure of spontaneous mammary cancers of mice (66). Of all the 
varying antimetabolites which have been proposed for the control of can
cers, these are the only ones which have been found to destroy selectively 
these spontaneous mammary cancers. 

E. Folic Acid Antimetabolites 

A very large number of structural analogues of folic acid have been 
made and tested in all sorts of biological systems. The principal reason 
for the widespread interest in folic acid analogues is that one class of 
them, viz., aminopterin and its congeners, has been of some medicinal use 
in the suppression of leukemia, and a second class, viz., daraprim and its 
congeners, has been of much use in the control of malaria. In fact these 
successes with the so-called rational approach to chemotherapy, the anti
metabolite approach, have been instrumental in calling the attention of 
many pharmacologists and chemotherapists to the possibilities of such an 
approach. The original literature which deals with antimetabolites of folic 
acid is so large that it will be impossible to review it adequately in the 
space available in this chapter. Even to mention all of the reviews on the 
subject would require too much space. All that can be attempted is a 
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collection of statements about some of the principal features. In one of 
the standard textbooks of pharmacology now in use in the medical schools 
a chapter on antifolic acids will be found which will serve to give addi
tional liaison to the original literature pertaining to therapeutic findings 
(56). 

Several classes of structural change of folic acid have been used. The 
structure of the vitamin is given on page 452. The original types of change 
which were tried were to replace the glutamic acid residue with some other 
amino acid residue and to replace one of the simple substituents on the 
pterin ring with some related substituent. Thus, the vitamin, which is 
pteroylglutamic acid may be converted to pteroylaspartic acid, which is 
a mildly potent antimetabolite of it (57). Furthermore, the hydrogen atom 
at positions 7, 9, or 10 of the pterin ring of the vjtamin may be replaced 
by a methyl group to give mildly active and reversible antimetabolites 
(58-65). 

When the —OH group at position 4 of the vitamin was replaced by an 
— N H 2 group, the highly potent aminopterin, or 4-aminofolic acid was 
achieved (64, 66-71). When this analogue was tested as an inhibitor of 
growth of certain lactic acid bacteria which require folic acid as a nutri
tional essential, it was found to be a competitive antagonist of folic acid 
and to be of very high potency. In many other organisms, however, its 
toxic action was still very great, but folic acid was unable to compete with 
it. For species which make their own folic acid, aminopterin was less toxic 
but still of appreciable toxicity and was usually irreversible by folic acid. 
In higher animals, and in many lower forms, it called forth some of the 
signs of folic acid deficiency. These usually could not be prevented or 
cured by small increases in the folic acid intake, although it is said that 
under certain conditions folinic acid can bring about reversal (72). One 
would expect this to be a product-type reversal, but it is not clear that it 
is only that. Aminopterin and its congeners may undergo some of the 
metabolic reactions involved in the utilization of folic acid (73) and may 
even show folic acid-like activity under special circumstances (74)· Ascor
bic acid seems to be involved in some of these transformations, but it is 
not clear whether it is functioning only as a reducing agent or has a more 
specific role (75). 

Aminopterin inhibits in living animals or lower organisms many of the 
biochemical reactions catalyzed by the coenzyme forms of folic acid. 
These include the completion of the purine ring in the formation of ino
sinic acid, and subsequently of adenylic acid and guanylic acid, and the 
methylation of deoxyuridylic acid to form eventually thymidylic acid. 
Organisms poisoned with aminopterin, therefore, would be expected to 
show a failure of such processes and to accumulate the precursors which 
are used as substrates in the inhibited reactions. They do in fact do these 
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things. The incorporation of formate or of serine-0-earbon atom into 
thymine or into the 2-position of purines is inhibited (76, 77), and pre
cursors of inosinic and adenylic acids accumulate (78). Precursors and 
their transformation products which are concerned in other reactions de
pendent on folic acid may also accumulate (79). 

In animals treated with aminopterin or its congeners histological changes 
are seen. These have been taken as valuable clues to the functions of folic 
acid in the processes of cell division (80) and of embryological develop
ment (81). 

Because leukopenia is a frequent sign of folic acid deficiency in animals, 
the idea arose that an antimetabolite such as aminopterin, which was able 
to call forth some of the signs of folic acid deficiency in animals, might be 
useful in the treatment of leukemia. This disease is frequently associated 
with an increase in the numbers of leucocytes in the blood. For these rea
sons aminopterin was tested in leukemia. When the results were encour
aging, numerous congeners were tried. It was hoped that a more potent 
derivative of diminished toxicity to the host animal might be found. 
Amethopterin, now renamed methotrexate, was the best found up to the 
present. It is aminopterin with the H atom on the Ν attached to the ben
zene ring replaced by a methyl group. With aminopterin or methotrexate 
the therapeutic results in leukemia may be said to be encouraging, but 
not satisfactory. In the adult leukemias these drugs seem to be of little 
value, but in the leukemias of childhood they seem to have the ability to 
suppress the disease for a period of from several months to a few years. 
They do this in only part of the patients; at least half of the patients 
receive no discernible benefit from the compounds. The analogues are not 
a cure for the disease because even with continued usage the leukemia 
seems always eventually to reappear and to be then no longer susceptible 
to these drugs. An increase in dosage is not possible because the patient is 
already balanced on the brink of folic acid deficiency from the effects of 
the antimetabolite on his normal tissues. The fact that these antimetabo
lites of folic acid do in fact induce folic acid deficiency in normal animals 
is an example of one of the major unsolved problems of the antimetabolite 
approach to chemotherapy, of which more can be read elsewhere (1). 

A recent paper (82) has suggested that some of the shortcomings of 
previous antimetabolites of folic acid used for the treatment of cancers 
may have been overcome by introduction of two chlorine atoms into the 
3- and 5-positions of the p-aminobenzoic acid portion of amethopterin. 
The development of drug resistance seemed to have been diminished by 
this maneuver. 

We have now considered briefly the kinds of antimetabolites which 
arise when a substituent on the pterin ring portion of the molecule is 
replaced by some closely related substituent. High potency resulted from 
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the introduction of an amino group into the 4-position. This seems to be 
universally true among all types of analogues of folic acid, even among 
those related to daraprim, to be discussed below. Additional changes 
elsewhere in the molecule may increase potency or else give some other 
desirable property. We have also seen that relatively potent, but freely 
reversible antimetabolites, are made by replacement of the glutamic acid 
residue by some other amino acid residue. Aspartic acid seems best for 
this, but methionine or several other amino acids have been found to be 
effective. 

The pterin ring system itself may be replaced by some related ring sys
tem with resultant formation of a reversible antimetabolite of folic acid. 
The quinoxaline analogue is such a case (88). Another is the deazapteri-
dine analogue in which the pyrimidine ring of the vitamin has been re
placed by a pyridine ring (84). 

The structural changes discussed thus far have been small ones, so that 
analogues have shown very close resemblance in shape and size to folic 
acid. There is a final class of compounds which behave biologically as anti-
folic acids but which resemble it structurally much less. The best known 
example of this class is daraprim (see structural formula). To some minds 
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daraprim looks more like thymine than folic acid. Nevertheless, in tests 
involving the growth of bacteria daraprim caused inhibition of growth, 
and this effect was overcome by folic acid under certain conditions (85-
87). Daraprim calls forth in higher animals some of the signs of folic acid 
deficiency if a large enough dose is used. It has proven to be a very useful 
therapeutic agent for the control of malaria in equatorial Africa. The dose 
required is very small and the duration of action long. This compound and 
its congeners were developed when it was recognized (88) that some of the 
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antimalarial drugs which had been found by the classic screening methods 
actually were antagonists of folic acid. A concerted attempt was then 
made to form an antifolic acid which would have high activity against 
the malaria parasite. The result was daraprim. I t is of interest to note 
that antimetabolites of folic acid such as aminopterin are not very effec
tive antimalarial drugs. Another example of an antimetabolite of folic 
acid with only very slight structural resemblance to it is the symmetrical 
l,2-dihydro-5-triazine which antagonizes this vitamin in microbial growth 
(89). Some 6,7-diarylpterines also have been found to antagonize the 
action of folic acid (90). These are somewhat more related in structure to 
the vitamin than is daraprim or the triazines. In all of these cases, how
ever, it is not easy to disentangle the action of folic acid from that of 
thymine. Quite plainly the character of the antagonism is not a sufficient 
test. 

F. Inositol Antimetabolites 

Only a few antimetabolites of inositol are known. Hexachlorocyclohex-
ane and isomytilitol have been studied most, but a few weaker ones are 
known (91, 92). The vitamin is the meso isomer of the nine possible inositols 
and has the stereoconfiguration shown in the accompanying structural 
formulas. Several of the nonvitamin isomers have been tested, as have 
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also their monomethyl ethers which occur in plants, for antagonistic ac
tion to meso-inositol, but have not been found active. Isomytilitol, how
ever, seems to compete with the vitamin in the promotion of growth of 
the fungus Neurospora crassa (92). The analogue is incorporated in place 
of meso-inositol into the phosphatides of the organism; but because the 
biochemical roles of the inositol phosphatides are not known, it has not 
been possible to prove that the unnatural products so formed are the 
cause of the toxicity. 

Although considerable evidence points to the conclusion that the power
ful insecticide gammexane, the gamma isomer of hexachlorocyclohexane, 
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is an antimetabolite of inositol, there has been some controversy about 
this conclusion. This has arisen because of the fact that only in selected 
fungal species can the effects of the analogue be reversed by the vitamin. 
The structural analogy is clear. The argument which has been put for
ward, that because the stereoisomeric configuration of gammexane and 
meso-inositol are not identical, these two compounds cannot possibly be 
antimetabolites, is so spurious as not to need comment. The thing which 
makes an antimetabolite is structural analogy to a metabolite, not identi
cal configuration with it. The only difference between the structures of 
an antagonistic pair is sometimes the stereoconfiguration. When gammex
ane inhibits the growth of yeasts or other fungi, the effect has been revers
ible by inositol in two species which have a dietary need for the vitamin 
in the absence of the analogue. In many species of fungi which do not 
show this dietary need, the toxic action of the analogue is not overcome 
by inositol (93-97). Analogous situations are known with other vitamins 
and their antimetabolites in which the ability of the vitamin to overcome 
the analogue is found only with species which have a dietary need for the 
vitamin. Phenylpantothenone versus pantothenic acid is one example, 
and aminopterin versus folic acid is another. 

In the case of an inositol-requiring mutant of the fungus Neurospora a 
dietary deficiency of the vitamin leads to morphological changes. The 
same kind of morphological change can be induced with gammexane (97). 
Gammexane has been used as a competitor to inositol in plant roots (94) 
and in amylase preparations (95). 

G. Nicotinic Acid Antimetabolites 

Several antimetabolites of nicotinic acid (niacin) are known. The ones 
which have been studied most are pyridine-3-sulfonic acid, 3-acetylpyri-
dine, 6-aminonicotinamide, and 5-fluoronicotinic acid. Many analogues of 
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nicotinic acid have been tested for antimetabolite activity because of the 
ease with which they can be synthesized (98), but many have proved to 
be inactive in the test systems used. However, analogues such as 3- acetyl-
pyridine, which are effective antimetabolites in higher animals, show no 
inhibitory activity in microorganisms (99), and conversely analogues which 
were active in bacterial assays have failed to induce nicotinic acid defi
ciency in animals (98). One cannot therefore be sure that some of the 
"inactive" compounds will be inactive in all test systems. 

Pyridine-3-sulfonic acid is known to act as an inhibitor of the growth of 
some species of microorganisms (100-106) and as an antagonist of the 
vitamin in nicotinic acid-deficient dogs. It seems to be of rather low po
tency. 

3-Acetylpyridine is not an antimetabolite of nicotinic acid in the micro
organisms which have been tested, but is able to induce many of the signs 
of deficiency of this vitamin in dogs (105), mice (99), rats, and chickens 
(107). Its harmful effects can be prevented by nicotinamide or nicotinic 
acid, but only if the vitamin is given before the antimetabolite is admin
istered. Once the manifestations of the deficiency have been induced by 
the compound, they cannot be overcome by the vitamin. This is probably 
because 3-acetylpyridine reacts with diphosphopyridine nucleotide in an 
exchange reaction catalyzed by diphosphopyridinenucleotidase to form the 
acetylpyridine analogue of DPN. This new and unnatural product then 
acts as an inhibitor of D P N within the cells. The analogue of D P N can 
also function in place of the coenzyme in some reactions (108). The action 
of 3-acetylpyridine on the central nervous system is of much interest, not 
only because the dietary lack of nicotinic acid in man (known as pellagra) 
frequently leads to psychoses, but also because animals, such as mice, 
after treatment with adequate doses of acetylpyridine show prominently 
neurological abnormalities, as evidenced by bizarre behavior (99) Further 
study has shown that this compound selectively harms the hippocampus 
of the brain, creating there an irreversible lesion detectable histologically 
(109). 3-Acetylpyridine also is capable of bringing about marked changes 
in the morphology of chicken embryos if it is injected into the eggs at a 
suitable time in embryonic development (107). 

The body has the ability to convert 3-acetylpyridine to nicotinic acid 
by oxidation of the side chain. The analogue can thus contribute to the 
supply of this vitamin, but it is not an adequate supply to meet all of the 
needs (110, 111). 

6-Aminonicotinamide has been used as an antagonist of the vitamin in 
attempts at chemotherapy of certain virus diseases and of cancers. While 
it was being tested for use in the treatment of cancers, it was found that 
it brought about in the brains of animals a lesion in the hippocampus just 
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as had been found with 3-acetylpyridine (112, 113). The selectivity of 
these two antimetabolites of nicotinic acid for this particular part of the 
brain is a fascinating finding. 

5-Fluoronicotinic acid is a relatively active antimetabolite of the vita
min (114)- Just as with 3-acetylpyridine (108) and 6-aminonicotinamide 
(115) this fluoro analogue is converted into the corresponding fluoro de
rivative of cozymase which then acts as an antagonist of that coenzyme 
in some, if not all, of its functions. 

It is plain that the actions of many antimetabolites of nicotinic acid are 
multiple. They probably exert their effects at several steps in the meta
bolic chains in which nicotinic acid is converted to the pyridine nucleo
tides, which then participate as coenzymes in several reactions. It is not 
surprising, therefore,- that the analogues and some of the unnatural prod
ucts formed from them can show vitamin-like activity as well as antime
tabolite effects. Thus, even pyridine-3-sulfonic acid can show nicotinic 
acid-like potency (116). 

H. Pantothenic Acid Antimetabolites 

A large number of analogues of pantothenic acid have been examined 
for antimetabolite activity, and many, but not all, have been found to 
show it. The tests have been done by assaying the ability of each analogue 
to inhibit the growth of various microbial species and of certain kinds of 
higher animals. The competitive nature of the antagonism has also been 
examined in a variety of species. In general, there are many antimetabo
lites of pantothenic acid for microorganisms, but only a few which will 
give rise to the signs of pantothenic acid deficiency in mammals. The 
reason why it has been so uncommon to find an antipantothenic acid 
active against the higher animals is not understood. 

The structure of pantothenic acid may be regarded as consisting of 
two parts, viz., the hydroxy acid (pantoic acid) moiety, and the 0-alanine 
portion. It is noteworthy that many of the analogs which act as anti
metabolites retain the pantoic acid portion unchanged, but have altera
tions in the 0-alanine part. However, ω-methylpantothenic acid in which 
the change has been in the pantoic portion not only is very potent, but is 
one analogue which is able to induce the deficiency in mammals as well 
as in lactic acid bacteria (117, 118). Other exceptions to the idea that 
changes in the pantoic acid portion give inactive analogues are salicylyl-
0-alanine (119), and the cyclopentane derivative (120). These compounds 
are moderately active antimetabolites for microorganisms. Several of the 
inactive analogues in which the pantoic acid moiety carries the change in 
structure are described in (121, 122). 
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A variety of alterations of the 0-alanine portion give rise to antimetab
olites. Thus, the carboxyl group can be replaced by a sulfonic acid group 
to give pantoyltaurine, which was the first antimetabolite of pantothenic 
acid to be studied (121-124). It is a competitively reversible antagonist 
of rather low potency, which inhibits the growth of those bacteria which 
require a dietary source of pantothenic acid, but not of those which make 
their own. Contrary to an early report by experimenters apparently un
familiar with the growth rates of mice, this analogue does not cause signs 
of pantothenic acid deficiency in mice or rats or hamsters (125). Many 
derivatives of pantoyltaurine have been studied, especially as possible 
therapeutic agents in certain infections. The halogenated anilides have 
proven to be able to control experimentally induced malaria (126). 

The carboxyl group of the 0-alanine portion of the vitamin can be re
placed by a hydrogen atom or by various alkyl groups to give compounds 
which act as competitive antagonists, even though they have no acidic 
property (127). Likewise, the hydrogen atoms on the α-carbon atom may 
be replaced with alkyl groups or hydroxyl groups with similar effects 
(128j 129). When the carboxyl group is replaced by a phenyl ketone or 
substituted phenyl ketone group (1) as in phenylpantothenone a rather 
potent antimetabolite is produced (12). Unlike so many of the analogues, 
these ketones produce pantothenic acid deficiency in all kinds of micro
organisms, irrespective of their dietary needs for pantothenic acid. How
ever, it seems that only in those species which have a dietary requirement 
for the vitamin is it possible to demonstrate a competitive or even a non-
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competitive reversal with the vitamin. Glutamic acid brings about a non
competitive, product-type reversal (130). 

Insofar as is known the only biochemical reaction for which pantothenic 
acid is a substrate is the synthesis of coenzyme A via pantotheine. The co
enzyme A once formed then is known to participate as the coenzyme of 
many different enzyme reactions. The synthesis of coenzyme A from panto
thenic acid has been shown to be inhibited by phenylpantothenone, and its 
more active congener, tolylpantothenone (181). Likewise, pantoyltaurine 
inhibits incorporation of pantothenic acid (presumably into coenzyme A ) in 
bacteria (182). The analogue of pantothenic acid and of pantotheine known 
as pantoylaminoethanethiol (188) will inhibit the formation of coenzyme 
A from pantotheine in rat tissues and will also antagonize some of the bio
chemical reactions of coenzyme A. This analogue is able to induce panto
thenic acid deficiency in higher animals. Similarly, ω-methylpantotheine 
inhibits the activity of coenzyme A in some but not all of its coenzymic 
reactions in animal tissues (184). 

Phenylpantothenone and the halogenated anilides of pantoyltaurine are 
chemotherapeutic agents which are able to control malarial infections in 
animals, including man. These analogs do not cause pantothenic acid defi
ciency in higher animals. Their chemotherapeutic usefulness is thereby 
increased because the risk of poisoning the host is reduced. Furthermore, 
both of these analogues are not usually competitive antagonists of panto
thenic acid. Presumably, this fact is also connected with their chemothera
peutic usefulness. 

In addition to the antimetabolites of pantothenic acid there are also 
antimetabolites of pantoic acid (e.g., salicylic acid) (185) and 2,3-dichloro-
isobutyric acid (186), which inhibit the synthesis of pantothenic acid 
rather than its utilization. 

I. Pyridoxine Antimetabolites 

The structures of the vitamin, and of the most studied antimetabolite 
of it, viz. deoxypyridoxine, are shown below. The antipyridoxine activ
ity of 4-deoxypyridoxine was first found in chickens (187). Further study 
indicated it to be a noncompetitive antagonist, although there is no una
nimity on this point (18, 138). It inhibits the growth of many bacteria 
and fungi which require pyridoxine but usually not those which do not. 
In resting bacterial cells it is phosphorylated to an ester which then com
petes with pyridoxal phosphate for the apoenzyme of some amino acid 
decarboxylases (138). The 5-deoxypyridoxine also has weak antimetabolite 
activity in microbial cultures (189). 
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H O H 2C - / ^ _ O H 

N- — 3 

Pyridoxine 

C H3 

H O H 2C — ^ ^ p O H 

ί T^ - C H 3 

4-Deoxy-
pyridoxine 

HOH2C 

ω-Methylpyridoxine Pyrimidine portion 
of thiamine 

Another antimetabolite of pyridoxine which was recognized early was 
the analogue in which the methyl group in the 2-position of the vitamin 
had been replaced by an ethyl group. This is 2-ethylpyridoxine which 
more recently has been called ω-methylpyridoxine. Its activity was first 
demonstrated on isolated tomato roots growing in sterile media, but it 
has been much studied in microbial growth (139-141). It is of some inter
est because in some biological test systems it is able to replace the vitamin 
and function for it, while in others it acts as an antimetabolite (140, 142). 
It may even perform both roles in the same organism, inhibiting some 
pyridoxine-catalyzed reactions and promoting others (142). 

The fourth compound is of interest because it is of natu
ral occurrence. It is the pyrimidine portion of thiamine. This pyrimidine 
was recognized to be an antimetabolite of pyridoxine both in animals and 
in various microorganisms (143-146)- This analogue, like many of the 
others (147), is phosphorylated and thus converted into an antagonist to 
pyridoxal phosphate (144)-

Some studies show that the chemotherapeutic agent isonicotinic acid 
hydrazide can act as an antimetabolite of pyridoxine. There has been 
considerable controversy about this because many of the antimicrobial 
effects of isoniazid are not reversed by pyridoxine. However, in several 
microorganisms for which pyridoxine is a required growth factor it has 
been possible to reverse some of the toxic actions of the drug with the 
vitamin (148-161). 
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One must consider the fact that there are three forms of vitamin B6, 
each of natural occurrence and each with biological activity which is not 
necessarily the same. Pyridoxal in the form of its phosphate ester is the 
only one for which a coenzymic role is well established. The reasons for 
being of pyridoxamine and of pyridoxine are less well understood. It is 
therefore to be expected that in attempts to define more precisely the 
enzymic reactions affected by antimetabolites of pyridoxine more atten
tion has been given to pyridoxal phosphate than to the other forms of the 
vitamin. With these other forms most of the experiments have been done 
with living organisms in an effort to determine which of the three is best 
in overcoming the toxic actions of the antimetabolites in question. 

Some of the antimetabolites of pyridoxine have been useful in enzymol-
ogy to aid in the demonstration of the functioning of pyridoxal phosphate 
in certain enzyme systems. Very often this coenzyme is bound so firmly 
to its apoenzyme that it cannot be removed by dialysis or by chemical 
changes which do not irrevocably change the protein. In such instances 
it has occasionally been found that exposure of the holoenzyme to deoxy-
pyridoxine or its phosphate may displace the coenzyme. 

J . Riboflavin Antimetabolites 

The structural analogues of riboflavin which have proved to be anti
metabolites of it may be grouped into three classes insofar as the type of 
structural alteration is concerned. There are (a) those in which the methyl 
groups at positions 6 and 7 have been changed, (b) those in which the 
pyrimidine ring has been changed, and (c) those in which the polyhydroxy 
side chain in position 9 has been changed. The structures of the vitamin 
and of three representative antimetabolites are shown in the accompany
ing formulas. 

Ο Ο 

Riboflavin 6,7-Dichlororiboflavin 
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The first two antimetabolites of riboflavin to be studied were 6,7-
dichlororiboflavin (152,153) and 2,4-diamino-7,8-dimethyl-10-ribityl-5,10-
dihydrophenazine (154). These two analogues represent classes (a) and 
(b). An early report of the activity of isoriboflavin (5,6-dimethylribo-
flavin) (155, 156) seems to have been in error. The dichloro analogue was 
able to inhibit the growth of some microorganisms, but seemed to be a 
noncompetitive antagonist. Subsequently, the monochlororiboflavin (6-
chloro-7-methyl-9-ribityl-isoalloxazine) has been made (157) and has 
proved to be a rather potent antiriboflavin both in bacteria and in rats 
(158). In rats it seems to have riboflavin-like activity for maintenance of 
growth but not for survival. In lactic acid bacteria it acts as a competitive 
inhibitor. It is converted to an abnormal product by the enzyme system 
which ordinarily forms flavinmononucleotide from riboflavin, and this 
nucleotide of the analogue then seems to be the more potent agent of 
inhibition (157). Other changes of the groups in positions 6 and 7 of the 
vitamin have been tried with successful formation of an antimetabolite. 
Thus, 6-ethylriboflavin is a weak antimetabolite for rats but acts like 
riboflavin for L. casei (159). Many analogues of this type were made and 
tested biologically in the 1930's before the antimetabolite concept was 
developed. Quite probably, some of these would prove to be antimetabo
lites if they were now subjected to more critical study in the light of the 
new knowledge. The phenazine analogue structure shown seems to be the 
chief antimetabolite which has been formed by alteration of the ring sys
tem of the vitamin. It was a competitive inhibitor of the growth of those 
bacteria tested which had a dietary requirement for riboflavin, but not 
of others. The corresponding dinitrophenazine from which it was pre
pared was able to induce riboflavin deficiency in mice. 

Many analogues have been studied in which the polyhydroxy side chain 
has been altered, but in which the rest of the vitamin has not been changed. 
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All of these have not proved to be antimetabolites of riboflavin in the or
ganisms tested, but many have (160-169). The ribityl side chain can be 
replaced with many kinds of groups ranging from methyl or formyl or 
hydroxyethyl to the alcohol derived from galactose (galactoflavine). The 
ribityl side chain of the vitamin may be retained and converted into a 
monosulfate ester which then acts as a very powerful antiriboflavin in the 
growth of L. casei (170) and in inhibition of some riboflavin-eontaining 
enzymes (171). Many of these analogues are phosphorylated by the ribo
flavin kinase (165), but some, such as lumiflavin, can inhibit this enzyme 
without themselves being phosphorylated. 

One reason for studying this class (c) of analogues has been the dis
covery that certain kinds of transplanted cancers can be suppressed with 
some of them. Some clinical testing of the more promising ones has also 
been done. 

K. Thiamine Antimetabolites 

Pyrithiamine [sometimes called neopyrithiamine (172)] was the first 
antimetabolite of thiamine to be studied (173, 174)- Its chemical structure 
is identical with thiamine (see page 448) except that the sulfur atom of 
the thiazole ring has been replaced by —C=C—. It is a competitive an
tagonist of thiamine, able to bring about the typical signs of thiamine de
ficiency in higher animals and to inhibit the growth of thiamine-requiring 
microorganisms. Comparisons of potencies of antimetabolites are difficult 
to make because frequently the conditions of testing of the various ana
logues are very different. However, in so far as can be judged from pub
lished accounts, pyrithiamine seems to be the most active antithiamine 
for higher animals. Several congeners of pyrithiamine have recently been 
found to act as chemotherapeutic agents for the control of coccidiosis in 
chickens (175). By elimination of the hydroxyethyl side chain of pyrithia
mine the ability to induce thiamine deficiency in the hosts (chickens) was 
much reduced, but the activity against the amoebae was retained or en
hanced. 

Several additional kinds of antimetabolites of thiamine are known which 
differ in the type of structural alteration they involve. These also differ 
qualitatively as well as quantitatively in their biological effects. Thus, the 
replacement of the — N H 2 group at position 4 of the vitamin with an 
—OH group gives rise to oxythiamine (176-178) which calls forth in 
higher animals the signs of thiamine deficiency. The reversal of these 
effects by thiamine seems to be of the noncompetitive type (178). Oxy-
thiamine induces a syndrome in animals which is not identical to that 
caused by pyrithiamine. This is true even though oxythiamine, just like 
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pyrithiamine, brings about deficiency of cocarboxylase. Pyrithiamine does 
this by inhibition of the cocarboxylase-synthesizing enzyme (2, 179), 
while oxythiamine is itself pyrophosphorylated by this enzyme, and the 
resulting product interferes with the action of cocarboxylase. The cocar
boxylase-synthesizing enzyme system does not form an abnormal product 
from pyrithiamine (2), even though the enzyme is strongly inhibited by 
that analogue. Some doubt exists as to whether or not the toxic action of 
pyrithiamine on higher animals is entirely due to a lack of cocarboxylase 
induced by the analogue. Woolley and Merrifield (180) have presented 
evidence to suggest that a hitherto unknown biochemical reaction of 
thiamine is perhaps more susceptible to inhibition by pyrithiamine than 
is the synthesis of cocarboxylase. Von Murait (181) has contributed addi
tional evidence for this point of view as has also Wolfe (182). Koedam 
(183), on the other hand, maintains that the effects of pyrithiamine on 
animals are entirely due to a lack of cocarboxylase. Perhaps the differ
ences in experimental procedure can account for the divergent opinions. 
The action of oxythiamine, on the other hand, seems to be only that of 
conversion to an analogue of cocarboxylase, which then acts as an anti
metabolite of that coenzyme. 

Antimetabolites of thiamine have also been formed by alteration in the 
nature of the alkyl group at position 2. Substitution of a butyl (184) or 
of a —CH3—S— for the methyl of the vitamin has given active com
pounds (182, 186). 

The thiaminase of certain fresh-water fishes provides a biochemical re
action in which thiamine is substrate, but which differs radically from the 
cocarboxylase-forming system. The thiaminase cleaves the thiazole moiety 
from thiamine and transfers the pyrimidinylmethyl portion to a suitable 
acceptor amine (187). Pyrithiamine is a weak inhibitor for this reaction, 
but some o-aminobenzylthiazolium analogues of thiamine have been 
shown to inhibit it somewhat better (188, 189). Not all structural ana
logues of thiamine act as antimetabolites of it. Thus, the imidazole ana
logue in which the sulfur of the vitamin is replaced by nitrogen seems to 
be inactive in the systems tested, and the 2-ethylthiamine, in contrast to 
the 2-butylthiamine, lacked potency (184). 
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