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I. INTRODUCTION 

The concept that substances chemically related to a metabolite may interfere 
with the normal function of that metabolite in living cells is attracting widespread 
interest among chemists and biologists. For the organic chemist, this concept 
frequently provides a unique starting point for the synthesis of biologically active 
compounds and the study of the relation between chemical structure and activity. 
The stimulus for many of the investigations under review came from the dis- 
covery of the striking relationship between p-aminobenzoic acid and sul- 
fanilamide-type compounds. Not all important antagonists are structurally 
related to the affected metabolite, however, and the value of specific antagonisms 
in elucidating the function of metabolites and esplaining the action of drugs has 
been recognized for some time. 

It is the object of this review to summarize the pertinent background in several 
fields of investigation, and to review the available lit'erature' relating to  the direct, 

'Because of current conditions complete coverage, particularly of the foreign literature, 
has not been practicable. I should great,ly appreciate receiving references to  papers which 
have been overlooked or were not available a t  the time this review was written. 

R. 0. R., Jr .  
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antagonism of a number of essential metabolites in living cells. Structural rela- 
tionships have been emphasized whenever they appeared to be significant. Since 
the normal function of a metabolite is helpful in accounting for the effects of an 
antagonist, this aspect of the subject has been reviewed briefly wherever possible. 

Broadly, a metabolite may be regarded as any substance involved in the chemi- 
cal processes by which living cells are produced and maintained. But the present 
review is limited largely to substances of known structure which function as 
essential parts of cell catalysts (e.g., vitamins and hormones). Since these sub- 
stances are usually present in minute amounts, only small quantities of an 
antagonist are required to produce distinctive effects. 

Many types of antagonisms are also known. They may be divided roughly 
into direct chemical or physicochemical effects which frequently obey the law of 
mass action, and indirect or physiological antagonisms due to opposite but in- 
dependent actions. Although there is no sharp line of demarcation, in this review 
the emphasis has been placed on antagonists having a direct, reversible effect on 
the synthesis or utilization of specific metabolites. In general, naturally occur- 
ring antagonisms (Le., the antagonist is also a metabolite taking part in normal 
cell processes) and the numerous antagonisms between pairs of drugs have not 
been included. 

11. HISTORICAL BACKGROUND 

The current developments in metabolite antagonists can be understood most 
readily when viewed in the light of previous studies in several fields of investiga- 
tion, particularly enzymology, pharmacology, and chemotherapy. 

A .  Enzymology 
The use of inhibitors2 and poisons has long been recognized as an important 

tool in the study of isolated enzyme systems. Although it is not within the 
scope of this review, the vast literature in this field forms a rich background for 
the observations on living cells. Present theories of the nature and specificity of 
enzymes are, to  a considerable extent, founded on the effects of inhibitors. Ac- 
cording to  these theories, enzymes contain active centers or groups which com- 
bine with the substrates. The active centers are presumed to  be oriented so as 
to confer a high degree of specificity. 

Tammann (407) in 1891 and Armstrong (13) were among the first to  observe 
that the addition of the products of an enzyme reaction produced an inhibitory 
effect on its velocity. In many instances, these results cannot be attributed to  a 
mass action effect, but appear to involve a competitive inhibition. Similarly, 
Haldane (153) and others have called attention to  the numerous cases of inhibi- 
tion of enzymes by substances structurally related to their substrates. These 
effects are ascribed to  a blocking of the active centers by the inhibitors. Haldane 

$The terminology in different fields is sometimes inconsistent. “Inhibitor” is syn- 
onymous with “antagonist” in the discussion of isolated enzymes to  conform to usage; 
elsewhere the term “antagonist” is preferred, t o  eliminate the situation in which an in- 
hibitor inhibits an inhibitor. To avoid the confusion of ideas arising from a metabolite 
antagonizing the action of a drug, the drug is referred to  as the antagonist and terms such 
aa “preventing” or “reversing” are substituted to describe the effect of the metabolite. 
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(153) also listed a number of enzyme poisons most of which owed their activity 
to  either a chemical reaction with a reactive group, or salt formation with acidic 
or basic groups of the enzyme. The plausibility of this explanation was il- 
lustrated by Myrback (305), who showed that sucrose, glucose, and fructose pro- 
tected yeast saccharase from inactivation by nitrous acid. This result suggested 
the presence of an amino group in the active center of the enzyme, the amino 
group being protected from the nitrous acid by its combination with the substrate 
or the products of the reaction. Other substances such as maltose and lactose, 
which did not appear to  combine with the enzyme, failed to  protect it (153). 

In general, inhibitors may affect the velocity of enzymatic reactions in two 
ways, resulting in either competitive or non-competitive inhibition. Those of 
the latter type reduce the velocity of the reaction, but the dissociation constant 
of the enzyme-substrate complex is unaltered. In other words, varying the 
concentration of substrate has little effect on the degree of inhibition. By con- 
trast, competitive inhibition involves a direct relationship between inhibitor and 
substrate, so that increasing the concentration of substrate reduces the degree of 
inhibition, i.e., inhibitor and substrate appear to compete for the same active 
centers. 

Because of the probability that the fundamental processes in the inhibition of 
isolated enzymes and the antagonism of metabolites in living cells are related, an 
examination of some of the more pertinent features of enzyme inhibitors reveals 
many interesting analogies. A few examples are listed in table 1, but further 
discussion has been deferred to a later section (cf. Section IV). 

It is sometimes possible to account for the pharmacological action of drugs in 
terms of their effect on specific enzyme systems. Thus, Englehardt and Loewi 
(107) demonstrated that the inhibition of choline esterase by physostigmine re- 
sulted in a decreased rate of destruction of acetylcholine. The pharmacological 
actions of physostigmine are due entirely to its preservation of acetylcholine, the 
drug itself having no cholinergic activity (69). The Stedmans (399) showed 

CH3 0 0 0 CH3 
I I I  /I I 
I+ 

CH3NCHZCH2 OCCH3 OCNHCH3 
I 

I I  
CH3 C1- 

CH3 CH3 
Acetylcholine Miotine Physostigmine 

CH3 0 
I /I 

CHOHCH2NHCH3 CHOHCHKHCH, OCN( CH3)Z 

CH3 CHsS04- OH 

Epinephrine Ephedrine Prostigmine methylsulfate 
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that synthetic methyl urethans related to physostigmine, such as miotin, also 
inhibit esterases. They suggested that the inhibition could be explained by 
the ester-like structure of the urethans, which enables them to combine with and 
block the active centers of the esterases. R‘liotine and prostigmine (5 )  closely 
resemble physostigimine in their pharmacological effects. In an analogous 
fashion Gaddum and Kwiatkowski (138) considered that the pharmacological 
action of ephedrine is due to its sparing effect on the enzymatic destruction of 
epinephrine (table 1). Quastel and coworkers (326, 327) studied the effects of 
anesthetics and hypnotics on the enzymes of the brain. The action of many of 
these substances is attributed to the inhibition of a sensitive component of the 
brain respiratory system. Because of the intricate balance of many enzyme 
systems, antagonisms in living cells are obviously much more complex than the 
inhibition of isolated enzymes. h comprehensive review of the relation of drugs 
to the inhibition of specific enzymes has been written by Bernheim (34). 

B. Pharmacology 
Physiologists and pharmacologists for many years have employed antagonists 

to  study the normal functions of metabolites and to determine the mode of action 
of drugs. hn excellent survey of these investigations has been made by Clark 
(69), who classified the three chief forms of drug antagonism as follows: 

I‘ (a) Chemical antagonism in vitro. 

“ (b) Physiological antagonism. 

“ ( e )  Speci f ic  antagonism. 

In  this case the antagonists react together to  form 
a product of reduced activity. 

In this case two drugs produce opposite but independent 
effects on cells or organs. 

This term is reserved for cases in which one drug inhibits 
the action of another drug on living cells, although no reaction between the drugs occurs 
in vitro.” 

In this classification Clark was considering antagonisms between pairs of drugs 
(e.g , pilocarpine and atropine) as well as metabolite antagonists. Presumably 
type a antagonisms can occur in vivo as well as in vitro, and the action of arsenicals 
may fall in this category (cf. Section 111,D). Physiological antagonisms (type 
b) have not been considered in this review, since no direct relationship between 
metabolite and antagonist is involved. 

One of the simplest systems of type c is the antagonism by carbon monoxide of 
the combination of oxygen and hemoglobin, i.e., CO + HbOz == 0 2  + HbCO. 
This system was investigated from a quantitative standpoint as early as 1884 by 
Hiifner (180) and later by Douglas, Haldane, and Haldane (93) and Hartridge 
and Roughton (164). Both oxygen and carbon monoxide form reversible com- 
pounds with hemoglobin and appear to compete for the same active centers or 
receptors. In dilute aqueous solution the distribution of hemoglobin between 
the two gases is given by the following formula: 

lo21 [HbCOI - 
[col [HbOtl 

The concentration of HbCO equals that of HbO2 when the relative pressures of 
oxygen and carbon monoxide are approximately 200 to 1. 

Kiilz (211) and Raventos (333) studied the action of a series of tetraalkylam- 
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monium salts on isolated frog muscle (rectus abdominis). They found that in 
the series (CH&NX to (CH3)&(C4H9)X the salts, like acetylcholine, produced 
contractions. As the chain length increased, the effect decreased, so that 
(CH&N(C8H1~)X not only failed to produce contractions, but in fact exerted a 
powerful antagonistic effect on the action of the lower members of the series. 
Both (CH3)3N(CsH17)X and (C2H6)41\JX antagonized the action of acetylcholine 
and of the (CH3)N(R)X type compounds on the frog’s heart. In other tissues 
there were wide variations in the types of action and antagonism. 

Modern and Thienes (297) investigated the antagonistic effects of a large group 
of compounds structurally related to  epinephrine. They found that under cer- 
tain conditions compounds such as propadrine and d-synephrine antagonized the 
action of epinephrine on smooth muscle, whereas d-metasynephrine was inactive. 

Propadrine d-S ynephrine d-Metasynephrine 

The antagonists by themselves frequently had no effect on the motility of the 
muscle. 

In 1937, Clark (69) pointed out that such results suggested the general 
hypothesis that substances are most likely to be antagonized by compounds of 
similar molecular configuration. 

Quantitative studies of the acetylcholine-atropine (67) and epinephrine-ergo- 
toxine (135, 287) antagonisms, in which the ratio of metabolite to antagonist 
remains constant over a wide range of concentrations, indicate a competition for 
the same tissue receptors (68,69,136). On this basis it is assumed that theunion 
of drugs with specific receptors involves two processes: ( a )  fixation of drug, and 
( b )  selective action after fixation. An antagonist either prevents fixation, or 
alters the pattern of receptors so that the active drug or metabolite can no longer 
produce its specific effect (69). 

C. Chemotherapy 
From the time when he founded modern chemotherapy, Ehrlich emphasized 

the importance of attempting to determine the mechanism of action of chemo- 
therapeutic agents. Drawing upon his immunological studies and observations 
with drug-resistant trypanosomes, he developed the famous chemoreceptor or 
side-chain theory. This theory postulated the presence of chemical groups or 
side chains on the organisms with which the chemotherapeutic agents combined. 
The side chains were considered to be essential for the nutrition of the trypano- 
somes. Present concepts of the nature and structure of protoplasm have 
required major modifications in Ehrlich’s original ideas, but the fundamental 
principle of interference with metabolic processes remains as a tribute to his 
brilliant imagination. T‘oegtlin (422) pointed out that if the -SH group is 



262 RICHARD 0. ROBLIK, JR. 

regarded as the arsenic receptor, one finds a basis for Ehrlich’s interpretation of 
the mode of action of arsenicals (cf. Section 111,D). The observations of Yorke 
and coworkers (467) and Hawking (166), indicating that vulnerable trypano- 
somes concentrate arsenicals whereas resistant strains do not, has since helped to 
explain the differences in the susceptibility of trypanosomes and in their toxicity 
to  host cells. 

In the study of germicides several pioneer investigators attempted to relate 
the action of various agents to their effect on bacterial metabolism. While much 
of the early work was concerned with bactericidal action, Simon and Wood (378) 
in 1914 examined the mechanism of action of a group of aniline dyes which were 
primarily bacteriostatic. Like Ehrlich, these investigators believed that the 
growth-inhibitory action was probably due to a combination of the dyes with 
‘(nutriceptors” in the organism, the dye becoming anchored so that the organisms 
starved or were unable to multiply. Dye-resistant strains were developed, and 
this phenomenon was considered to be due to the formation of receptors which 
either did not attract the dye or mere able to destroy it. Other investigators 
(49,181,401) carried these ideas as far as the limited contemporary knowledge of 
bacterial metabolism would permit. It was not until developments in other 
fields (e.g., biochemistry, enzymology, and nutrition) had filled in the background 
that a more complete picture could be d ram.  

The theory that the bacteriostatic action of sulfanilamide-type compounds is 
due to  the blocking of an essential enzyme system or systems was adumbrated by 
several investigators, notably Lockwood (237), McIntosh and Whitby (267) , 
Stamp (393), and Green (148). It remained for Woods and Fildes (122, 443, 
446) to provide a firm foundation for this theory and to extend it to the broad 
basis which has inspired so many subsequent investigations of other bacterial 
metabolite antagonists. 

In 1940 Woods (443) isolated in a crude form from yeast cells a substance which 
prevented the antibacterial action of sulfanilamide and sulfapyridine. Stamp 
(393) and Green (148) had obtained similar extracts from other organisms. After 
concentrating his factor, Woods concluded from an examination of its chemical 
properties that the substance might be structurally related to sulfanilamide. 
The behavior of the material, resembling the competitive inhibition of enzyme 
reactions by compounds structurally related to the substrate or product, pointed 
to  the same conclusion. Accordingly, p-aminobenzoic acid (PA4BA) mas tried 
and found to be highly active. In order to reverse or prevent the bacteriostatic 
effect of sulfanilamide, a more or less constant molar ratio of PABA to sulfanila- 
mide was required over a considerable range of concentrations. Both the un- 
substituted amino group and the carboxyl group para to it proved to be necessary 
for antisulfanilamide activity. Woods considered that the results provided 
strong circumstantial evidence for the identity of the yeast factor, and suggested 
that PABA is an essential metabolite for the grovth of microorganisms. 

At the same time, Fildes (122) expanded the concept of metabolite antagonists 
in relation to  bacterial growth in an illuminating paper entitled, “A Rational 
Approach to Research in Chemotherapy”. He defined essential metabolites as 
the substances involved at “each stage in any synthesis necessary for growth, 
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without which, either synthesized or supplied from outside, growth cannot occur.” 
A growth factor for a given organism is then an essential metabolite which it can- 
not synthesize. For example, E. coli, which grows on a medium containing only 
inorganic salts and glucose, can synthesize all its other requirements, whereas 
P. vulgaris needs preformed nicotinic acid. Given nicotinic acid, P. vulgaris can 
complete the synthesis of cozymase, which is also produced by E. coli. Nicotinic 
acid is regarded as a growth factor for P. vulgaris and an essential metabolite for 
E. coli, and cozymase an essential metabolite for both organisms. Fildes pro- 
posed the theory that antibacterial substances may inhibit growth by antagoniz- 
ing or interfering with an essential metabolite in one of three ways: 

“1. By oxidizing a substance which requires to be reduced. 
“2. By molecular combination giving an inactive product. 
“3. By competition for an enzyme associated with the essential metabolite.” 
Various oxidizing agents such as ferricyanide or methylene blue were presumed 

to act by the first mechanism, while the combination of mercuric chloride with 
essential -SH groups was regarded as an example of class 2. Fildes and Woods 
considered that, because of their structural similarity, sulfanilamide and PABA 
compete for an enzyme involved in the further utilization of PABA. On this 
basis, the sensitivity of an organism to  sulfanilamide was considered to depend 
in part on its ability to  synthesize PABA. More broadly, Fildes suggested that 
compounds closely related structurally to other known metabolites, but devoid 
of essential metabolic activity, might also be found to inhibit the growth of 
various microorganisms. Experimental verification for many of the ideas pro- 
posed by Fildes and Woods will be found in the subsequent sections of this review. 

111. SPECIFIC METABOLITE AKTAGONISTS 

The following sections, arranged by metabolites, cover most of those for which 
any extensive literature has accumulated. Other recognized metabolites which 
might have been included, such as acetylcholine and epinephrine, are described 
briefly in Section 11. All but the recent literature relating to antagonists of these 
txo  metabolites has been discussed in detail by Clark (69). Some of the later 
studies in these fields are incorporated in Section IV. A number of articles sum- 
marizing a portion of the work with other metabolite antagonists, particularly in 
relation to  antibacterial action, have appeared (6, 7, 94, 199, 205, 256, 257, 261, 
425,428,451). The reader is referred to these summaries for brief discussions of 
this phase of the subject. 

An  attempt has been made to standardize terminology2, so that the term “in- 
hibition ratio” is used throughout to indicate the moles of antagonist required to  
nullify the function of one mole of metabolite. In certain instances, the 
ratio may be reported on the basis of a 50 per cent reduction, in which case these 
conditiqns are mentioned specifically. It is important to distinguish between 
these two criteria in making comparisons, because the ratio required for com- 
plete antagonism is frequently many times greater than a t  the 50 per cent level, 
and this relationship may vary with different antagonists or with the same an- 
tagonist in different cells. 

The criterion of antagonism has been based primarily on the reversal or pre- 
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vention of the biological effect of an antagonist by a specific metabolite, recog- 
nizing that this test can only be regarded as an important but not exclusive con- 
dition for the evaluation of direct antagonists. Other limitations of scope are 
outlined in Section I. The papers in each section have been reviewed in more or 
less chronological order, with some exceptions for the sake of continuity. 

A .  Amino acids 
Many organisms are unable to synthesize one or more of the known amino 

acids. These essential metabolites are the building blocks of the cell pro- 
teins, and as such they are usually required in larger quantities than many of the 
other growth factors. Proteins are not only the basic units of cell structure but 
also, in conjunction with active prosthetic groups, assume the r61e of enzymes to 
catalyze many metabolic reactions (296). Finally, some of the amino acids 
probably serve as precursors of other essential metabolites (88). 

In studying the production of indole from tryptophan, Fildes (121) noted that 
the growth of E. coli was inhibited by indoleacrylic acid. Following up this 
earlier observation, he found (124) that iM/8000 I prevented growth, while a 

~ C H = C H C O O H  DCH~CYCOOH 
\ \N \ \N \ \N/ "2 

H H H 
I I1 

p-Indoleacrylic acid Indole Tryptophan 
number of related substances, such as indoleacetic and propionic acids, produced 
very slight or no growth inhibition. Since indoleacrylic acid is closely related to  
I1 in several respects, Fildes reasoned that I might interfere with an enzyme 
system concerned with the metabolism of tryptophan. He demonstrated experi- 
mentally that, although not itself a growth stimulant, I1 counteracted the in- 
hibition produced by I. The growth was proportional to  the amount of trypto- 
phan added, but there was no quantitative relation between the concentrations 
of I and 11. Unlike the sulfonamide-PABA relationship, the response of the or- 
ganisms was a function of the tryptophan concentration only, regardless of the 
amount of indoleacrylic acid present. These results, which were confirmed with 
B. typhosum, led to  the suggestion that I interferes with the formation of trypto- 
phan rather than its utilization. Under these conditions no quantitative 
relationship between I and I1 would be expected, and the minimum amount of 
tryptophan necessary for growth should reverse any reasonable amount of 
indoleacrylic acid. However, there should be a quantitative relationship be- 
tween I and a precursor of tryptophan. Indole is a precursor for B. typhosum, 
but no interference with the action of I by this substance was found. To explain 
the lack of any reversing action with indole, Fildes assumed that either the block- 
ing effect of I on tryptophan synthesis is not reversible or, because of the growth 
inhibition produced by indole itself a t  higher concentration, the effect could not 
be demonstrated. 

Block and Erlenmeyer (42) reported that l-naphthylacrylic acid and styrylace- 
tic acid resembled indoleacrylic acid in their behavior. These substances ap- 
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CH=CHCOOH 

h/V 
l-Naphthylacrylic acid 

CHxCHCH2 COOH 
A 

Y 
Styrylacetic acid 

peared to antagonize the growth-stimulating action3 of tryptophan. While 
trans-cinnamic acid gave similar results, the authors concluded that tryptophan 
metabolism was not involved in this case. Dihydrocinnamic, benzoic, and fu- 
maric acids produced no effect. 

With several species of lactic acid bacteria, Snell (381) was able to substitute 
anthranilic acid for tryptophan. Since anthranilic acid is an isomer of p-amino- 
benzoic acid (PABA), he studied the corresponding isomer of sulfanilamide 
(orthanilamide) as well as orthanilic acid and 2- (orthani1amido)pyridine. None 

Anthranilic acid Orthanilic acid 2-( 0rthanilamido)pyridine 

of these substances inhibited growth promoted by anthranilic acid. Snell con- 
cluded that, if it  existed at  all, the antibacterial power of orthanilamide in relation 
to anthranilic acid was of a much lower order of magnitude than in the case of 
the corresponding sulfanilamide-PABA relationship. 

Anderson (12) found that the bacteriostatic action of dl-5-methyltryptophan 
on E. coli in simple media was reversed by 1-tryptophan, the inhibition ratio 
being approximately 1000: 1 over a considerable range of concentrations. On 

C H ~ ~ C H ~ C H N H ~ C O O H  

5-Methyltryptophan 
the other hand, he also demonstrated that the tryptophan requirements of certain 
E. coli bacteriophages could be replaced by the 5-methyl derivative. Earlier, 
Gordon and Jackson (145) had shown that the latter compound was toxic to rats 
on a tryptophan-deficient diet, but had no effect on animals receiving an adequate 
ration. 

Gladstone (141), investigating the amino acid requirements of B. anthracis, 
observed a number of curious interrelationships among groups of chemically 
related amino acids. When leucine or valine was eliminated from the synthetic 

SGrowth stimulation usQally indicates that the metabolite is a limiting factor for the 
growth of the particular organism, rather than a growth factor as defined by Fildes (122). 
Thus, the synthetic ability of the organism for the metabolite is limited, and addition of 
the preformed metabolite provides a more favorable medium for growth. Under these 
conditions, any growth inhibitor is likely to  be less effective, regardless of whether i t  is a 
specific antagonist for the metabolite in question. Consequently, specific antagonisms 
are frequently more difficult to establish when the metabolite is a growth stimulant. 
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medium, the organisms failed to grow, and the removal of isoleucine resulted in 
delayed and incomplete growth. The absence of all three amino acids, surpris- 
ingly enough, allowed growth to occur, but the addition of any one of these 
amino acids to a mixture in which all three were originally absent completely 
inhibited growth. Isoleucine was the most effective, preventing growth at  a 
concentration of M/312,500 under these conditions. The presence of the un- 
natural isomers did not account for the results, since the same effects were ob- 
tained with the purified natural isomers. Further study revealed several other 
similar relationships, which were summarized as follows by Gladstone: 

The toxicity of 

The toxicity of 

CH(NHz) COOH 

CHz 
I 
I 
CH 
/ \  

CHI CHg 
leucine 

CH ("2) C 0 OH 
I 
CH 
/ \  

CHs HO 
threonine 

CH(NH2) COOH 
I 
CH 
/ \  

H CH3 
a-aminobutyric acid 

CH(KH2) COOH 
I 

CH, CHzCHs 
isoleucine 

CH(;?;Hz) COOH 

CHz 

CHz 

CHz CHs 

I 
I 
I 

norleucine 

CH(T\"z) COOH 
I 

CH 
/ \  

H OH 
serine 

/ \  
CHs CH3 

is removed by valine and vice versa. 

is removed by 

CH(NH2) COOH 
I 

CH 
/ \  

CHs CHs 

valine plus 
CH(NH2) COOH 

CHI 
I 
I 

CHs CHI 
leucine. 
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CH(NH2) COOH CH(NH2) COOH 
I I 

The toxicity of CH is removed by CH and vice versa. 
/ \  

CHa OH 
/ \  

H OH 
serine threonine 

On the basis of the similarity in chemical structure of the growth inhibitors and 
their antagonists, Gladstone (141) suggested that some common reaction neces- 
sary for growth might be involved. Thus, an excess of one amino acid might 
block the enzymes necessary either for the synthesis of another chemically 
related, or for building it, when synthesized, into more complex substances. 

Numerous other instances in which one amino acid may interfere with the 
utilization of another have been reported. The results of these studies are sum- 
marized in table 2. It is usually assumed in these cases that the antagonist is 
also an essential metabolite. However, an excess of one (the antagonist) blocks 
the function of the other (the metabolite), because of the structural similarity 
between them. Such effects are most frequently observed in relatively simple 
culture media. Results of this type do not come strictly within the scope of this 
review, but they have been included in this instance because of the numerous 
interesting structural relationships involved. 

Several a-aminosulfonic acids structurally related to  the natural a-aminocar- 
boxylic acids were studied by McIlwain (251, 252). The sulfonic acid analogs of 
amino acids such as glycine, alanine, leucine, and valine were prepared by treating 
the corresponding aldehyde bisulfite derivatives with aqueous ammonia (25 1). 
It was found (252) that in a chemically defined medium organisms which required 
preformed amino acids were inhibited by the a-aminosulfonic acids. There 
appeared to  be considerable overlapping in the reversing effect of the amino 
acids. Thus, the growth inhibition produced by a-aminoisobutanesulfonic acid 
was partly reversed by glycine or alanine, more effectively by valine, but not a t  

(CH3)2 CHCHS03H (CH3)zCHCHCOOH 

a-Aminoisobutanesulfonic acid Valine 

all by leucine. However, of the various metabolites tested, only the amino acids 
were capable of preventing the growth inhibition of the a-aminosulfonic acids. 
In general, bacteria synthesizing their o m  amino acids were not susceptible. 
McIlwain also investigated the action of cysteic acid, taurine and tauramide, the 
respective analogs of aspartic acid and @-alanine. These sulfonic acids were not 
inhibitory, and sometimes stimulated suboptimal growth. 

Spizizen (391), investigating the multiplication of bacteriophage acting on E. 
coli, found that the reproduction of this bacterial virus could be stimulated by 
glycine or glycine anhydride. He demonstrated that the multiplication of phage 
stimulated in this manner could be inhibited by aminomethanesulfonic acid, the 
sulfonic acid analog of glycine. On the contrary, when xanthine was used as a 
stimulant, no inhibition was observed. 
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The preparation of ethionine was described by Dyer (96), who showed that it 
was toxic for rats on a methionine-deficient diet. She also demonstrated that 
the toxicity could be overcome by additional methionine. In the course of their 

NHz "2 

1 I 
CH~SCHZCH~CHCOOH CzHsSCHzCHzCHC OOH 

Ethionine Methionine 

"2 

1 
CHsOCHzCHzCHCOOH 

Met hoxinine 

studies on sulfonamide inhibitors, Harris and Kohn (159) observed that ethionine 
inhibited the growth of E. coli on a synthetic medium. M/1000 ethionine pro- 
duced a 50 per cent inhibition of growth, which was completely reversed 
by 211/10,000 methionine. 

Roblin, Lampen, English, Cole, and Vaughan (341) synthesized methoxinine 
and studied its action on E. coli and Staph. aureus. The growth-inhibitory effect 
of this compound was prevented by 1-methionine but not by the d-isomer. One 
mole of dl-methionine reversed the antibacterial action of 500 to 1000 moles of 
dl-methoxinine or dl-ethionine. In combination with sulfonamides a synergistic 
bacteriostatic effect was produced by methoxinine. Similar results were ob- 
tained with ethionine, confirming the observations of Harris and Kohn (159). 
Other investigations involving a relationship between methionine and the sul- 
fonamides are incorporated in the section on PABA antagonists. 

An investigation of thienylalanine (469) was carried out by du Vigneaud, 
McKennis, Simmonds, Dittmer, and Brown (420). They found that the growth 

NHz 
I 

CHCOOH 

Phenylalanine j3-2-Thien ylalanine 

of a strain of yeast, S. cerevisiae, was inhibited by thienylalanine. Although 
growth inhibition was not complete, phenylalanine reversed the maximum effect 
in a ratio of approximately 1 : 2. Other amino acids, including tyrosine, were 
ineffective in preventing the growth-inhibitory action. Preliminary experiments 
with thienylalanine in rats gave inconclusive results, although some evidence of a 
phenylalanine antagonism was obtained. 

B. p-Aminobenzoic acid (PABA) 

Because of the unconventional manner in which PABA emerged as a bacterial 
growth factor, its general acceptance developed slowly. The intensive studies 
which followed the reports of Woods and Fildes (443,446; see Section 11) have, 
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for the most part, provided strong supporting evidence for the validity of their 
suggestions concerning PABA and its relation to the mechanism of action of sul- 
fanilamide-type compounds. 

PABA or its derivatives have been isolated from yeast (38,208,355) and found 
to have growth factor activity for Clostridium acetobutylicum (213, 316, 355, 
356) and several other microorganisms (182, 215, 232). Mutant strains of Neu- 
rospora crassa (409) and E. coli (348) requiring preformed PABA have also been 
obtained. By means of microbiological assays, the presence of the substance in 
many bacteria (220) and other natural sources has been demonstrated (170,311), 
although it has been pointed out that this method of identification is not con- 
clusive (170). Sulfonamide-resistant strains of some organisms have been shown 
to possess increased ability to synthesize PABA (bioassay) (221), although this 
is not the only means by which resistance can develop (183). 

Much of the uncertainty regarding PABA has arisen from the conflicting re- 
ports of the action of related compounds. A number of these substances show 
considerable antisulfonamide activity (170, 31 1).  Others, such as p-amino- 
phenylacetic acid, have been reported to possess high growth factor activity but 
no reversing effect on sulfonamides (356). This observation has not been con- 
firmed by other investigators (179, 214, 218, 222, 464). With few exceptions 
only those compounds which are converted to PABA, either by the organisms or 
spontaneously, can replace it as a growth factor or anti~ulfonamide~. 

The so-called secondary sulfonamide-reversing agents (201), such as methio- 
nine (41, 159, 405) and the purines (160, 203, 280, 385) as well as peptone and 
other complex substances, represent another factor which has limited the wide- 
spread acceptance of the Woods-Fildes theory. However, if PABA represents 
only one stage in a complex series of metabolic processes, it seems reasonable that 
supplying precursors or products of subsequent stages may also prevent or limit 
the growth-inhibiting action of substances antagonizing the utilization of PABA. 
Moreover, under certain conditions proper supplements may promote the 
development of alternate routes to the same metabolic end-point and so render 
microorganisms insensitive to PABA antagonists. 

A com- 
plete and detailed account of the voluminous literature in this field can be found 
in more extensive reviews and books, such as those of Northey (310, 311) and 
Henry (170, 171). Since other explanations for the mode of action of sulfonam- 
ides are also discussed by these authors, these alternative theories are not in- 
cluded here. Moreover, in the opinion of this reviewer, they fail to explain more 
than a small fraction of the observations in this field as satisfactorily as 
the Woods-Fildes theory. It is also evident, however, that no single mechanism 
of action has yet been devised which will allow all of the multitudinous observa- 
tions on the sulfonamides to be fitted into prescribed niches. 

In  assessing results with substances which are active in extremely small quantities, 
the difficulty of avoiding contamination should be recognized. In  one of our laboratories 
in which PABA was in common use, it  was practically impossible to prepare a medium 
free of this factor. Using the same reagents in another laboratory, however, no difficulty 
was experienced in preparing a PABA-free medium. 

Only some of the most pertinent results are included in this review. 
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1. PABA antagonists : sulfanilamide derivatives 
Woods (443), in his original paper, described the more or less constant ratio 

(5,000-25,000: 1 for Strep. hemolyticus or E. coli) associated with the reversal of 
the antibacterial activity of sulfanilamide by PABA. This effect was also ob- 
served with the yeast extract (cf. Section 11). He attributed the ratio to a com- 
petition between sulfanilamide and PABA for an enzyme system associated with 
the utilization of PABA as an essential metabolite, Woods also pointed out the 

0 2  0 NH2 6 2  (J 

/-\ \ \ 
COOH SOSH S 0 ZNHz SOzNH, _> 

N- 
p-Aminobenzoic Sulfanilic Sulfanilamide Sulfapyridine 
acid (PABA) acid 

close structural relationship between metabolite and antagonist. These con- 
siderations led him to examine PABA for antisulfonamide activity. Under the 
test conditions with Strep. hemolyticus, sulfapyridine had five times the antibac- 
terial activity of sulfanilamide. PABA also prevented the action of sulfa- 
pyridine, although five times as much was required as for an equimolar concentra- 
tion of sulfanilamide. The weaker growth-inhibitory action of sulfanilic acid 
was also reversed by PABA. After testing a number of other substances for 
antisulfonamide activity, Woods concluded that in general both carboxyl and 
free amino groups para to one another appeared to be necessary. Acetylation 
of the amino or esterification of the carboxyl groups of PABA resulted in a thou- 
sandfold or greater reduction in the antisulfonamide activity. Similar results 
were obtained with the yeast factor. Summing up the evidence, Woods pre- 
sented the following hypothesis of the possible mode of action of sulfanilamide: 

‘ [ In  the first place it is suggested that p-aminobenzoic acid is essential for the growth of 
the organism. I t  is, however, norinally synthesized in sufficient quantity by the preaent 
strain of streptococcus (and by coli) since it is not necessary to add it to a medium contain- 
ing only knownsubstances or preparations known to be free from anti-sulfanilamide activity 
(McIlwain unpublished). It can also be extracted from the streptococcal cell [Stamp 
(39311. On the basis of the experimental work i t  is next suggested that the enzyme reaction 
involved in the further utilization of p-aminobenzoic acid is subject to competitive inhibi- 
tion by sulfanilamide and that this inhibition is due t o  a structural relationship between 
sulfanilamide and p-aminobenzoic acid (which is the substrate of the enzyme reaction in 
question) .” 

Selbie (368) demonstrated that PABA also prevented the chemotherapeutic 
action of sulfanilamide in mice infected with streptococci, indicating that the 
modes of action in vivo and in vitro are closely related, if not identical. Similar 
results were obtained by Findlay (126), who also reported that the effect 
of sulfanilamide on the virus of lymphogranuloma venereum in mice was reversed 
by PABA. He reasoned that PABA might be considered as an essential meta- 
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bolite only for those viruses which are susceptible to sulfonamides. Findlay's 
results with lymphogranuloma were not confirmed by Seeler, Graessle, and Dusen- 
berg (367). However, other investigators (230, 246, 275, 277, 303, 330) cor- 
roborated, in general, the in vivo reversal of various sulfanilamide derivatives 
and sulfones by PABA with a variety of infectious agents. 

The in vitro observations of Woods (443) were confirmed by MacLeod (272)) 
Rubbo and Gillespie (355), and in many subsequent studies. In addition to  bac- 
teria, MacLeod (272) found sulfonamide-reversing agents in many body tissues 
and other natural sources. Some chemical differences between the naturally 
occurring substances and PABA, such as the extractability with ether below pH 
4.5, mere observed. MacLeod also showed that a sulfapyridine-fast strain of 
pneumococcus produced considerably more antisulfonamide than the parent 
strain. 

Rubbo and Gillespie (355) first demonstrated that PABA is a growth factor 
for Clostridium acetobutylicum. These investigators isolated p-benzoylamino- 
benzoic acid from a benzoylated yeast extract. They also observed a close cor- 
relation between the growth factor and antisulfonamide activity of a number of 
related compounds. The molecular inhibition ratio between sulfanilamide and 
PABA was found to be 23,000 : 1. 

Numerous other investigators (84, 196, 222, 231, 245, 299, 302, 389, 405, 427, 
431) extended Woods's observations to additional sulfonamides, sulfoxides, and 
sulfones, and to many other organisms. Employing pneumococcus type 111, 
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Strauss, Lowell, and Finland (405) demonstrated the roughly linear relationship 
between the concentrations of sulfonamides (sulfanilamide, sulfapyridine, and 
sulfathiazole) and the minimum concentration of PABA required to prevent 
their bacteriostatic action (figure 1). They also noted that the concentration of 
PABA required to reverse the sulfonamides was directly related to their anti- 
bacterial activity. Thus, under the conditions of the experiment, approximately 
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ten times as much PABA was required to prevent the action of 10 mg. per 100 cc. 
of sulfathiazole as was needed for the same concentration of sulfanilamide. 
Similar results were obtained by Spink and Jermsta (389) with Staph. awews 
and various sulfonamides (sulfanilamide, sulfapyridine, sulfathiazole, and sulfa- 
diazine), 

A number of sulfonamides, including a series of alkyl thiadiazoles, was inves- 
tigated by Kimmig (196), who found that in every case their antigonococcal 
action was prevented by PABA. KO antisulfonamide activity could be demon- 
strated in gonococcal cells. Compounds related to PABA, such as the ortho 
and meta isomers and p-nitroaniline, showed no sulfonamide-reversing action. 

- 
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FIG. 1. Minimum concentrations of PABA required to  reverse the bacteriostatic action 
of varying concentrations of three sulfonamides (semi-logarithmic scale). Strauss, 
Lowell, and Finland (405). 

Lwoff, Nitti, TrBfouel, and Hamon (245) studied the action of sulfanilamide on 
the flagellate Polytomella caeca. The primary effect appeared to  be on cell 
division, since the organisms increased to abnormal size but multiplied a t  a much 
reduced rate. At pH 4, five times as much sulfanilamide was required to produce 
the same result as that obtained a t  pH 7. PABA prevented the action of sul- 
fanilamide, although the metabolite showed an even greater variation vith pH. 
After correction for the change in the activity of sulfanilamide, the inhibition 
ratio was found to be approximately 1 from pH 9.10 to 7.5. From pH 7.0 to 
3.65 the ratio increased to 245, and then declined gradually to 76 a t  pH 2.25. 
The maximum ratio corresponded closely with the isoelectric point of PABA. 
Lwoff and coworkers suggested that these results indicated that the unionized 
form of the metabolite penetrated the cells much better than the ionized form. 
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The action of sulfanilamide on E. coli and Aspergillus niger also varied somewhat 
with pH, the organisms being less sensitive in acid media. With these organisms, 
however, the sulfanilamide-PABA ratio (ca. 10,000: 1 for E. coli) changed only 
slightly with pH. 

The reversing action of PABA on the antibacterial action of sulfones and sul- 
foxides was investigated by Levaditi and PBrault (231). With E. coli and Staph. 
aureus, they found that PABA prevented the action of bis(4-aminophenyl) 
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Bis (4-aminophenyl) 4-Aminophenyl-4'- 

sulfone and a number of related sulfones and sulfoxides. The action of antisep- 
tics such as mercuric chloride, hydroxyquinolin, and thioflavine was not affected 
by PABA. 

Bliss and Long (41) called attention to the fact that, in addition to  PABA, other 
simple substances such as methionine also reverse the bacteriostatic action of 
sulfonamides under certain conditions. Of the ten amino acids tested with E. 
coli, only methionine consistently produced an antisulfonamide effect. With 
more potent sulfonamides, such as sulfapyridine and sulfathiazole, methionine 
was effective only against relatively small amounts of the sulfonamides. Even 
with sulfanilamide the reversal occurred over a relatively small range of concen- 
trations, although very small amounts of methionine (M/200,000) prevented the 
bacteriostatic action of concentrations of sulfanilamide not exceeding i l f r / lOOO.  
Above this concentration of sulfanilamide no amount of methionine was effective, 
so that, unlike the PL4BA relationship, no constant ratio was observed, The 
authors suggested that methionine might be a precursor of a substance with anti- 
sulfanilamide activity. 

Of the many simple substances tested by Harris and Kohn (159), only methio- 
nine in addition to PABA n-as found to possess antisulfonamide activity. The 
I(-)-isomer was shown to  be a t  least ten times as active as d(+)-methionine. 
In general, their results were in accord with those of Bliss and Long (41). Sub- 
sequently, Harris and Kohn (160, 203) reported that under certain conditions 
guanine and xanthine enhanced the effect of methionine. In the absence of 
methionine, however, these purines increased the antibacterial activity of sul- 
f anilamide. 

Snell and Mitchell (385) found that less PABA was required to reverse the 
action of sulfanilamide on certain lactic acid bacteria, if one of the purines (ade- 
nine, guanine, hypoxanthine, or xanthine) was added to the medium. Methio- 
nine was without effect in these experiments when L. arabinosus was the test 
organism. The purines and methionine mere capable of a t  least partially re- 
placing PABA as a growth factor for lactobacilli. 

Kohn and Harris (159, 202, 203) extended the concept of Woods and Fildes 

sulfone hydroxyphenyl sulfone nitrophenyl sulfoxide 

5' 
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(122,443) to incorporate the secondary reversing agents, such as methionine and 
the peptones. From quantitative data on E. coli obtained in both simple and 
complex media, they demonstrated that the size of the inoculum had no real effect 
on the bacteriostatic action of the sulfonamides. At normal bacteriostatic levels 
the primary inhibition appeared to be directed against growth rather than respira- 
tion. In synthetic media there was a simple relationship between rate of growth 
and sulfonamide concentration. The relationship in a proteose-peptone medium 
was more complex. These observations suggested that the sulfonamides inter- 
fere with the synthesis of substances necessary for growth. Kohn and Harris 
assumed that among these substances was a special group X requiring PABA as 
a catalyst. X was considered to represent a class of substances some of which 
were present in the proteose-peptone medium. Thus, low concentrations of 
sulfonamides were ineffective in this medium but higher concentrations produced 
bacteriostasis by interfering with additional syntheses. Methionine was 
assumed to act as a reversing agent, because the sulfonamides prevented its 
synthesis. The synthesis of methionine in turn was assumed to be dependent on 
the presence of PABA. 

The competitive nature of the relationship between sulfonamides and PABA 
was investigated quantitatively by Wyss (461) and Wood (441). By mathemat- 
ical analysis of his data, Wyss demonstrated that sulfanilamide and PABA ap- 
peared to compete for the same receptor site in the organism, the great dispropor- 
tion between the molar concentrations of the metabolite and the antagonist 
merely indicating the greater affinity for PABA. 

Using a different mathematical treatment, Wood (441) arrived at the same 
conclusions for sulfapyridine, sulfathiazole, sulfadiazine, sulfaguanidine, and 
bis(4-aminophenyl) sulfone as well as sulfanilamide. He also suggested that the 
variation in the antibacterial activity of the different compounds might be due to 
the difference in their a f i i t y  for the enzyme associated with PABA. 

Ivanovics (183) examined the relation of drug resistance to the production of 
antisulfonamide substances. As indicated in table 3, he found that some resist- 
ant strains of Staph. aweus  produced more sulfonamide-reversing agent than 
the parent strain. In other cases no marked differences could be detected. 
Where the differences were small, however, the inhibition ratio of sulfonamide to 
PABA changed considerably. Thus, while one molecule of PABA reversed 
the antibacterial action of only 14 molecules of sulfamethylthiazole with 
parent strain B, 220 molecules of the sulfonamide were reversed with the resistant 
strain B. On the basis of these observations, Ivanovics suggested that sulfonam- 
ide resistance could result either from an increased production of PABA (or a 
related substance), or by an increased efficiency in the utilization of PABA, In 
some instances, e.g., strain VI, a combination of both mechanisms might be in- 
volved. 

In studying the bacteriostatic effect of sulfanilamide and four of its derivatives 
(sulfaguanidine, sulfapyridine, sulfathiazole, and sulfadiazine) on E. coli, Rose 
and Fox (350) observed that a constant concentration of PABA was required to  
reverse the minimum effective concentration (M.E.C.) of the various sulfonam- 
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M/323,000 
M/10,000 
M/550,000 
M/15,000 
M/480,000 
M/21,400 
M/60,000 
M/8,300 

ides. Thus, although the M.E.C. of the different derivatives varied over 500- 
fold (Le., from 2.5 X 10-3M for sulfanilamide to 4 X 10-6M for sulfathiazole and 
sulfadiazine), the same minimum concentration of PABA (5 X 10-7M) mas re- 
quired to prevent the bacteriostatic action of each at  its M.E.C. Rose and Fox 
also found that the relationship of PABA to sulfathiazole was independent of the 
number of bacteria. The organisms appeared to undergo a definite limited num- 

14 
220 

7 
133 
31 
66 
21 
35 

Relationship of P.4B.4 to sul 

S1a)h. STPAIN 

B (parent). .................... 
B (resistant). .................... 
V I  (parent) .................... 
VI (resistant). ................. 
IX (parent) .................... 
IX (resistant), . . . . . . . . . . . . . . . . .  
X (parent) . . . . . . . . . . . . . . . . . . . . .  
X (resistant). . . . . . . . . . . . . . . . . . . .  

TABLE 3 
amethylthiazole w i th  various strains of Staph.  aureus* 

TITEXt INHIBITION X A T I O ~  ANTISULFONAMIDE 
ACTIVITY OF EXTRACTS 

- 
++ 

* Adapted from Ivanovics (183). 
t Minimum effective concentration of sulfamethylthiazole. 
$Moles of sulfamethylthiazole (M/1000) reversed by one mole of PBBA. 
8 - = absence of detectable amounts of PABA or other antisulfonamide; f and ++ = 

relative antisulfonamide activity of extracts from various strains. 

TABLE 4 
Relationship of PABA to sulfanilamide (SA)  and sulfathiazole (ST) with various organisms 

($69) 

OPGANISPI 

E. coli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A .  aerogenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S taph .  aureus . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ps. aeruginosa..  . . . . . . . . . . . . . . . . . . . . . . . . .  
Sal. t yph imur ium. ,  . . . . . . . . . . . . . . . . . . . . . .  
L.  acidophilus. .  . . . . . . . . . . . . . . . . . . . . . . . . .  
P.  vu lgar i s . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MOLES SA/PABA 

2,000 
3,220 
4,660 

13,330 
6,650 
8,000 
4,000 

MOLES ST/PABA 

27 
45 
53 

184 
92 

133 
55 

E F F I C I E N C Y  
ST/SA 

74 
72 
88 
73 
72 
60 
73 

ber (six to seven) of cell divisions, regardless of the size of the original inoculum. 
They attributed these results to the inability of the organism to synthesize a sub- 
stance, possibly involving PABA, and necessary for normal reproduction. The 
presence of the sulfonamide was assumed to prevent this synthesis so that, after 
a certain number of cell divisions, the concentration per individual cell was in- 
sufficient to permit further reproduction. 

Wyss, Grubaugh, and Schmelkes (463) examined the specificity of various 
sulfonamides for different bacteria. These investigators found no indication 
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that the relative effectiveness of sulfanilamide and sulfathiazole changed from 
one organism to another (table 4). Similar results were obtained when other 
sulfonamides were compared. 

Fox and Rose (130) and Schmelkes, Wyss, Marks, Ludwig, and Strandskov 
(364) pointed out a relationship between the degree of dissociation of sulfonam- 
ides and their antibacterial activity, With four sulfonamides, Fox and Rose 
demonstrated that while the molar ratio of PABA to sulfonamide varied over 

FIG. 2. The relationship between bacteriostatic action and acidity of N1-substituted 
sulfanilamides. Bell and Roblin (32). 

600-fold, the ionic ratios were 1.4 for sulfanilamide and 1.4,4.9, and 6.4 for sulfa- 
pyridine, sulfathiazole, and sulfadiazine, respectively. At pH 7.8 sulfanilamide 
was found to be about ten times as active as a t  pH 6.8, corresponding to the 
increase in the ionic form at the higher pH level. These observations led to the 
suggestion that only the ionic form of the sulfonamides possessed antibacterial 
activity. They also pointed 
out the relative activity of sulfonamides a t  different pH levels and concluded that 
the anionic form was the effective agent, since it might be expected to compete 
with PABA ions on a more favorable basis. 

For several sulfonamides, Cowles (78) and Brueckner (51) found that anti- 
bacterial activity was a t  a maximum when the sulfonamide was approximately 

Similar results were obtained by Schmelkes et al. 
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50 per cent ionized. Cowles suggested that, like a number of other substances, 
the sulfonamides might penetrate the bacterial cell effectively only in the union- 
ized form. Once inside the cell, the ionized form was considered to be respon- 
sible for the antibacterial action. Thus, the maximum activity of any 
sulfonamide would be expected to fall near the point a t  which pK, = pH of the 
culture medium. At the point of 50 per cent ionization, all sulfonamides were 
regarded as essentially equally active. With the exception of sulfaguanidine5, 
Cowles’s experimental data appeared to be consistent with these viewss. Brueck- 
ner confirmed Cowles’s results and the earlier observations of Lwoff et al. (245), 
indicating that the efficiency of PABA in reversing sulfonamides decreases with 
increasing alkalinity of the culture medium in the range pH 6.0-8.9. He pointed 
out that this effect would explain the observation that the sulfonamide-PABA 
ratios decreased in this pH range for weakly acidic sulfonamides but remained 
relatively constant over most of the range for the more strongly acidic derivatives. 

Bell and Roblin (32, 340) proposed a theory which related the structure of 
sulfanilamide-type compounds to their in vitro antibacterial activity. This 
theory was based on the experimental observation that when the acid dissociation 
constants of N1-substituted sulfanilamide derivatives were plotted against ac- 
tivity a smooth curve was obtained which passed through a maximum as the acid 
strength increased (figure 2). The numerical values for some representative 
sulfonamides are recorded in table 5. It was suggested that if the bacteriostatic 
action of sulfonamides is due to  a competition with PABA, then the more closely 
the competitor compound resembled the metabolite, the greater should be its 
blocking or bacteriostatic effect. The authors pointed out the similarity in the 
geometric configuration of sulfonamides and of p-aminobenzoate ion, as in- 
dicated : 

I 
6.9 A. 

p-Aminobenzoate ion Sulfonamide Sulfonamide ion 
6The values for sulfaguanidine reported by Cowles (pK, = 11.2) and Brueckner (pK, = 

IO) do not appear to be correct (32). The acid strength is probably considerably weaker 
than these values indicate. 

6While the experimental observations of Cowles (78) and Brueckner (51) are in accord 
with the idea that all sulfonamide ions are essentially equally active, the results of Fox 
and Rose (130) and Schmelkes et al.  (364) indicate that as pK, decreases the ratio PABA/ 
sulfonamide ion also decreases (32, 340). 
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COMPOUND 

N1-Methylsulfanilamide. . . . . . . . . . . . . . .  
Sulf anilamid . . .  
N'-o-Tolylsu . . . . . . . . . . . . . . .  
N1-Phenylsulf anilamide . . . . . . . . . . . . . . .  
5-Sulfttnilamido-2-aminopyridine.. . . . .  
Sulfapyridine. . . . . . . . . . . . . . . . . . . . . . . .  
3-Sulfanilamidop yridine . . . . . . . . . . . . . . .  
Sulfathiazole. . . . . . . .  . . . . . . . .  
Sulfadiazine, . . . . . . . . . . . . . . . . . . . . . . . . .  
Sulfapyrazine . . . . . . . . . . . . . . . . . . . . . . . . .  
Sulfamethylthiadiazole.. . . . .  
Sulfanilylurea . . . . . . . . . . . . . . . . . . . . . . . .  
Sulfacetimide . . . . . . . . . . . . . . . . . .  

3-Sulfanilamido-4-methylfurazan. . . . . .  
W-Chloroacet ylsulfanilamide 
N1-Ethylsulf onylsulfanilamide . . . . . . . .  
Sulf anilylcyanamide . . . . . . . . . . . . . . . . . .  

At pH 7, PABA exists almost exclusively in the dissociated form carrying a 
formal ionic change. Since the COz ion is a strong negative group, the more 
negative the SO2 group, the more closely it should resemble the COz ion. The 
theory was stated as follows: The more negative the SO2 group of an N1-substituted 
sulfanilamide derivative, the greater the bacteriostatic activity of the compound. Bell 
and Roblin showed that the acid constants provided an indirect measure of the 
negative character of the SO2 group. They demonstrated that, although the SO2 
group in the ionized form is more negative, the negative character of both forms 
decreases with decreasing pK,. The net result of these two opposing factors 
resulted in a maximum in the experimental curve (figure 2). The theory was also 

TABLE 5 
Dissociation constants and bacteriostatic activity of sulfanilamide-type compounds (9.3) 

PKO* 

10.77 
10.43 
9.96 
9.60 
8.82 
8.43 
7.89 
7.12 
6.48 
6.04 
5.45 
5.42 
5.38 
4.77 
4.10 
3.79 
3.10 
2.92 

1.7 x 10-11 
3.7 x 10-11 
1.1 x 10-10 
2.5 X 
1.5 x 10-9 
3.7 x 10-9 

3.3 x 10-7 
9.1 x 10-7 
3.5 x 10-6 
3.8 X 
4.2 x 
1.7 X I C 6  
7.9 x 10-6 
1.6 x 10-4 
7.9 x 10-4 

1.3 X IO-* 
7.6 X le8 

1.2 x IO-' 

~~ 

30 
20 
10 
3.0 
2.0 
0.6 
0.2 
0.08 
0.08 
0.08 
0.2 

0.7 
0.6 
1.0 

10 

10 
lo00 
100 

I 

t Cg = minimum effective molar concentration for complete bacteriostasis of E. coli 
in synthetic medium buffered at pH 7 .  

developed mathematically and a theoretical curve obtained which agreed very 
well with the experimental results over a large part of the pH range. In general, 
from the known relative electronegative character of the N'-substituents, it was 
possible to predict the in vitro activity of new sulfanilamide derivatives of this 
type. The theory also implied that the optimum in bacteriostatic action of 
sulfanilamide-type compounds appeared to have been reached. 

Klotz (197) applied the law of mass action to a mathematical analysis of equilib- 
ria between PABA-enzyme complex and sulfonamide-enzyme complex with the 
dissociated forms of the metabolite and antagonists. Utilizing the data of Bell 
and Roblin (32), he arrived at similar conclusions regarding the optimum activity 
and the effect of changes in the pH of the culture medium. From quantitative 
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studies with E. coli, Klotz and Gutmann (198) calculated the dissociation con- 
stants of the theoretical enzyme-sulfonamide complex for several derivatives. 
They considered that the deviations between predicted and observed bacterio- 
static activities for sulfonamides of low pK, might be due to extensive binding of 
the ionized forms of the compounds to extraneous bacterial proteins. 

Although PABA usually produces a complete reversal of the growth-inhibiting 
action of practically all sulfonamides with a wide variety of microorganisms, 
several cases have been reported which constitute exceptions to this generaliza- 
tion. Thus, Feldt (119) and Hawking (167) demonstrated that the protective 
action of sulfapyridine and sulfathiazole on treponema infections in mice was not 
reversed by PABA. A number of other sulfonamides were ineffective as thera- 
peutic agents. Hawking concluded that the effect of sulfapyridine and sulfa- 
thiazole on these infections was atypical. 

Tamura (408) found that PABA failed to prevent the in vitro antibacterial 
action of sulfathiazole, sulfadiazine, or sulfapyrazine for Bacterium tularense. In 
fact, PABA itself inhibited the growth of this organism in concentrations ex- 
ceeding M/10,000. Although lower concentrations did not produce a reversal, 
the usual action of PABA was observed with the same sulfonamides in the same 
medium when E. coli or P. pestis were the test organisms. 

During the study of a group of isomeric sulfanilamidoindazoles (212), Lawrence 
and Goetchius (223) found that PABA only partially reversed the antibacterial 
action of these sulfonamides on Brucella melitensis. There was over a thousand- 

6-Sulfanilamido- Sulfanilyl-3,5- Benzenesulfon-3,5- 
indazole dibromoanilide dibromoanilide 

fold decrease in the effect of PABA on these sulfonamides compared with 
sulfathiazole. Similarly, Goetchius and Lawrence (144) reported that the anti- 
bacterial activity of at least two members (sulfanilyl-3,5-dibromanilide and 
benzenesulfon-3,5-dibromoanilide) of a series of halogen-substituted sulfonani- 
lides (193) was not appreciably affected by PABA'. 

Brackett, Waletzky, and Baker (48) demonstrated that the antimalarial ac- 
tivity of 2-sulfanilamido-5-chloropyrimidine and of the corresponding bromo 
compound (109, 344) was only partially prevented by PABA, while the lesser 
activity of 2-benzenesulfonamido-5-chloropyrimidine was entirely unaffected by 

'White (432) found that these results require qualification, since the antibacterial action 
of sulfanilyl-3,5-dichloroanilide and the corresponding bromo derivative against certain 
Gram-negat,ive organisms is completely reversed by PABA. The failure of PABA to  
prevent the growth inhibition caused by these compounds appears to be limited primarily 
to Gram-poeitive species. 
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2-Sulfanilamido-5- 2-Benzenesulfonamido- 2-Sulfanilamido-5- 
chlorop yrimidine 5-chloropyrimidine bromopyridine 

this metabolite. On the other hand, PABA completely reversed the activity of 
other heterocyclic halogen compounds such as pyridine (343) and thiazole (109) 
derivatives. The authors concluded that two modes of action might be involved: 
one attributed to the anti-PABA effect of the sulfanilyl group, the other to the 
sulfonamidochloropyrimidine. 

2. Other PABA antagonists 
In addition to the sulfanilamides and other sulfur derivatives, a number of 

sulfur-free compounds chemically related to PABA have been found to inhibit 
the growth of microorganisms. The metabolite also reverses the antibacterial 
action of these compounds. 

During a study of the action of sodium p-nitrobenzoate on a strain of Strep. 
viridans, Miller (292) observed that small concentrations (10-100 mg./100 cc.) 
of this substance were bacteriostatic, while larger amounts (200-400 mg./100 cc.) 
produced little or no effect. He suggested that part of the p-nitrobenzoate might 
be reduced to PABA by the organisms, and showed that the amount of diazotiz- 
able amine formed was proportional to the concentration of nitro compound. A 
filtrate from organisms grown in the presence of p-nitrobenzoate prevented the 
bacteriostatic action of sulfathiazole, whereas a similar filtrate lacking the nitro 
derivative did not (293). Rlliller (292) also demonstrated that the antibacterial 
activity of p-nitrobenzoate could be prevented by small amounts of PABA. This 
reversing action was confirmed by Ivanovics (184) with Staph. aureus, but he was 
unable to eliminate the bacteriostatic action of the nitro compound with PABA 
when E. coli was the test organism. 

Kuhn, Moller, Wendt, and Beinert (206, 207) investigated the effects of a 
number of p-aminophenyl derivatives on Streptobacterium plantarum, an organism 
which requires preformed PABA for growth in a synthetic medium. Several 
derivatives could, to some extent, replace PABA, while p-aminobenzamide was 
either a growth factor or an inhibitor depending on the concentration. Hirsch 
(175) also found that the growth of E. coli, inhibited by p-aminobenzamide, 
could be restored by PABA. The corresponding thioamide was a growth in- 
hibitor, but Kuhn et al. (207) concluded that the thioamide competed with'the 
organisms for iron, since its bacteriostatic effect could be reversed by iron salts 
but not by PABA. Some of the results obtained by Kuhn and his associates are 
summarized in table 6. 

It is evident that there are marked differences in the bacteriostatic activity of 
the various ketones. As the authors pointed out (207), the introduction of a 
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H ~ N ~ C O C H ,  - H ~ N ~ C O - ~  - - 

I I1 
p-Aminoacetophenone p , p‘-Diaminobenzophenone 

H~N-COCHOH-~ __ - H Z N a C O C O - s  - - 

I11 IV 
p , p’-Diaminobenzoin p , p’-Diaminobenzil 

second carbonyl group (cf. I1 and IV) produces a thirtyfold increase in effective- 
ness. Over a short period of time 111 was also bacteriostatic. However, the 
activity dropped off rapidly with time, and Kuhn et al. (207) suggested that a 
“self-inhibition” caused by the formation of PABA might occur. This effect 

TABLE 6 
Relative activity of some p-aminophenyl derivatives as PABA antagonists (806) 

CONCENTBATION FOB 50 PEB 
CENT IAHIBlTION 

mg.jlOO cc. 

150 
30 
25 
10 

5 
0.3 
0.15 
0.1 

I 

COhWOUND 

2-(p-Aminobenzamido) pyridine 
Phosphanilic acid 
p -Aminoace t ophenone 
Sulfanilic acid 
p-Kitroacetophenone 
p,  p’-Diaminobenxophenone 
Sulfanilamide 
p ,  p’-Diaminobenzil 
p,  p’-Diaminodiphenyl sulfone 

BEW3BSAL 

moles per mole PABA 

48,000 
12,000 
12,700 
5,000 
2,900 
1,600 

150 
50* 
28 

* Approximate value from reference 207. 

is simiiar to the results obtained by Miller (292), and analogous to the formation 
of benzoic acid by the autooxidation of benzoin in alkaline solution. 

Auhagen (21) corroborated the results of Kuhn and coworkers with I and found 
that p-aminobenzophenone was also a growth inhibitor. From the PABA rever- 
sal ratios the latter appeared to  be the less active. He reported that I1 was 
slightly effective in the treatment of experimental streptococcal infections in 
mice. 

Green and Bielschowski (149) reported that the antibacterial action of 4,4’- 
diaminodiphenyl diselenide was partially reversed by PABA. p-hninophenyl- 
seleninic and selenonic acids appeared to be too unstable to be prepared in suffi- 
cient purity for testing. Under certain conditions, PABA completely prevented 
the growth inhibition produced by 4,4‘-diaminodiphenyl disulfide, but in some 
respects this substance seemed to differ from the sulfonamides. The authors 
concluded that the disulfide might act by two mechanisms, one of which wm 
related to PABA metabolism. 

Arsenilic acid was studied by Hirsch (175), who reported that it reduced the 
speed of growth as measured by oxygen consumption. PABA counteracted this 
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effect. Later, Peters (319) showed that M/1000 arsenilic acid was bacteriostatic 
for E. coli, and that this action could be prevented by M/10,000,000 PABA. 
Methionine also reversed the activity of arsenilic acid, as it does in the case of the 
sulfonamides. Peters found that PABA did not prevent the bacteriostatic ac- 
tion of arsenoxide, nor the trypanocidal action of either arsenilic acid or arsen- 

"I OH 

3- 
AsO~H~ As0 

Arsenilic acid Arsenoxide 

oxide. He concluded that the trypanocidal action of arsenilic acid wm exerted 
through the arsenoxide by a different mechanism from the bacteriostatic effect 
(cf. Section 111, D). 

A series of nuclear-substituted p-aminobenzoic acids prepared by Schmelkes 
and Rubin (363) was investigated by Wyss, Rubin, and Strandskov (464). 2- 
Fluoro-4-aminobenzoic acid (2-F-PABA) was found to be one-third as effective 
as PABA in growth factor tests with Clostridium acetobutylicum. This same sub- 

2-F-PABA 2-C1-PABA 3-F-PABA 

stance reversed the bacteriostatic activity of sulfanilamide when E. coli was the 
test organism. In contrast to the 2-fluor0 derivative, 2-C1-PABA inhibited 
growth, and this inhibition was prevented by PABA or methionine. Similarly, 
the bacteriostatic action of 3-F-PABA was reversed by PABA. A number of 
other halogen-, amino-, and carboxy-substituted PABA derivatives were studied 
by Wyss and coworkers. 2-Cl-PABA appeared to be the most potent antibac- 
terial agent, although it showed very little antipneumococcic activity in mice. 
The growth factor and antisulfonamide action of several other derivatives such 
as 2-Br-PABA was probably due to the presence of traces of PABA as a contam- 
inant (39). However, it is unlikely that the high growth factor activity of 2-F- 
PABA could be explained on this basis. 

Results with a number of PABA derivatives were described by Johnson, Green, 
and Pauli (191). These investigators found that nuclear methyl and methoxy 
substituents resulted in compounds with bacteriostatic activity which PABA 
reversed. In general, they confirmed the observations of Wyss et al. (464) with 
other nuclear substituents, although they reported that 2-C1-PABA exhibited 
antisulfonamide action with some microorganisms*. The effects of modifications 

compound does not appear to have been excluded. 
8The possibility that  traces of PABA may have been formed in the synthesis of this 
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of PABA in the benzene series were summarized as follows: (1) Monosubstitu- 
tion by neutral or weakly electropositive groups yielded compounds with bac- 
teriostatic properties. (E!) Disubstitution in general resulted in compounds 
exhibiting no antibacterial action. (3) Replacement of the amino group, with 
the exception of the nitro group, produced inactive compounds. (4)  Variation 
in the carboxyl gave antisulfonamide, bacteriostatic, or no activity. (5 )  Simul- 
taneous modification of amino group and nuclear substitution, or changing both 
the amino and the carboxyl groups, yielded inactive compounds. 

A similar group of nuclear-substituted derivatives, and of other compounds 
related to PL4BA, was investigated by Martin and Rose (278). Of the thirty- 
three compounds studied, 3-C1-PABA and 3-HO-PABA had the highest anti- 
streptococcal activity. This activity was considerably reduced but not com- 
pletely abolished by PABA. In addition, 2-methyl-PABA and 2-C1-PABA were 
reported tto have antisulfanilamide activity, while the 3-methyl derivative was 
inert. A slight chemotherapeutic effect in mice infected with streptococci or 
pneumococci was demonstrated for 3-HO-PABA. 

Johnson and associates (191) also studied a group of heterocyclic analogs of 
PABA. Compound V was inactive, but VI was bacteriostatic for E. coli and 
streptococci in approximately the same concentrations as sulfapyridine. VI1 

"2 "2 

V VI VI1 VI11 IX 
2-Amino-5- 2-Amino-5- 2-Nitro-5- 2-Nitro-5- 2-h ino-5-  

carboxy- carboxy- carboxy- carboxy- carboxy- 
thiazole pyridine thiophene furan pyrimidine 

and its amide were active, whereas the corresponding furan derivative, VIII, 
showed no antibacterial action. The action of all the active heterocycles was 
reversed by appropriate concentrations of PABA. With Strep. pyogenes, Martin, 
Rose, and Swain (279) found IX to be without antibacterial activity, but it pre- 
vented the action of sulfanilamide on the same organism. PABA was approxi- 
mately 2000 times as effective in this respect. 

C .  Biot in  

Although biotin as a constituent of "bios" was long recognized as a 
yeast growth factor, its identity with the anti-egg-white-injury factor (vitamin 
H) (152), its chemical constitution (419), and its synthesis (161, 162) are more 
recent developments. Alternative formulas have been proposed for biotin from 
various sources (200), but the total synthesis has established the structure of liver 
biotin as follows: 
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0 
II 
C 

N H  
/-\ 

HN I I 
I 

HC-- CH ’ 
I 1 

Hz C 
\ /  

CHCHzCHzCHzCH2COOH 
S 

Biotin 

The substance in egg white responsible for biotin deficiency has been shown to  
be a protein (98), to which the graphic name avidin has been assigned. This 
material forms a stable complex from which biotin cannot be readily dissociated. 
By the use of avidin it has been demonstrated that many bacteria probably re- 
quire preformed biotin for growth (219). 

Desthiobiotin was first obtained from biotin by cleavage with Raney nickel 
(421), although the total synthesis of the racemic derivative has also been de- 
scribed (440). d-Desthiobiotin was reported (286) to replace biotin for a strain 
of yeast but not for Lactobacillus casei. Subsequently, Dittmer, Melville, and 

0 
II c 

/ \  
I I 
” HN 

HC- CH 
I 1 
CHI CHzCHzCHzCHzCHzCOOH 

Desthiobiotin 
0 

N H  

CH 

/-\ 
I I 

HN 

HC-- 
1 I 

Hz C 
\ /  

CHCHzCHzCHZCHzC OOH 

S 
0 

/ \  
0 

Biotin sulfone 

du Vigneaud (87) found that the yeast strain appeared to synthesize biotin from 
the desthio derivative. These investigators and Lilly and Leonian (233) also 
found t,hat desthiobiotin inhibited the utilization of biotin by L. casei. Dittmer 
and coworkers showed that growth due to 0.82 X 10-lo molar biotin was reduced 
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to  one-half of this value by 2.3 X molar d-desthiobiotin. This growth in- 
hibition was completely reversed by increasing the concentration of biotin to  4.1 
X molar. The results obtained by Lilly and Leonian were similar over a 
wide range of concentrations when L. casei was employed as the test organism. 
Anumber of other biotin-requiring organisms, most of which were found to utilize 
desthiobiotin as a growth factor, were also studied (233). In only one or two 
other cases did desthiobiotin exhibit antibiotin activity. 

Dittmer and du Vigneaud (85) investigated the sulfone of biotin, which had 
been shown to  possess slight biotin activity for a strain of yeast (86). With L. 
casei, L. arabinosus, and Staph. aureus, however, biotin sulfone inhibited growth. 
The antibiotin activity of this compound for L. casei was such that the molar 
inhibition ratio (moles of antagonist required to reduce growth stimulated by one 
mole of biotin to one-half of normal) was approximately 280. The growth inhi- 
bition was completely reversed by the addition of more biotin. Two analogues 
of desthiobiotin, 4- (imidazolidone-2)caproic acid and 4-(imidazolidone-2)valeric 
acid, were also prepared by Dittmer and du Vigneaud (85). 

0 

c I /  
/ \  
” HN 

1 1 

0 

c II 

XH 
/ \  

” 
I I 

I I I 
H~C------&H(CH~)~COOH H2 C- CH( CH2)4 COOH 

Imidazolidonecaproic acid Imidazolidonevaleric acid 

The caproic acid derivative was found to  have antibiotin activity for both L. 
casei and a yeast, S. cerevisiae. The molar inhibition ratio, which was 9,100 
for d-desthiobiotin with L. casei, was 126,000 tJ-ith this organism for imid- 
azolidonecaproic acid. In contrast to  this result, imidazolidonevaleric acid 
stimulated the growth of yeast slightly, but it neither stimulated nor inhibited 
L. casei. 

Rubin, Drekter, and Moyer (357) found that dl-desthiobiotin had about one- 
half the growth-inhibitory activity of the d-isomer for L. casei, suggesting that 
the 1-desthio derivative was without antibiotin activity. The oxygen analogue 
of biotin, “oxybiotin” (177), also reversed the antibiotin activity of dl-desthio- 
biotin (358). In this instance, the inhibition ratio for half normal growth was 
1200, as compared with 17,000 when biotin itself was the reversing agent. 

A series of ureylenecyclohexane derivatives was synthesized by English, Clapp, 
Cole, Halverstadt, Lampen, and Roblin (108). In the type I series the cyclo- 
hexylvaleric acid derivative differed from biotin only in that the sulfur atom was 
replaced by two methylene groups, n-hile in the type I1 compounds the side chain 
also was in a different position with respect to the urea ring. With few exceptions 
these compounds possessed antibiotin activity for both L. casei and yeast. With 
the former organism, ~-(3,4-ureylenecyclohexyl)butyric acid was the most active, 
6 X lo-’ M producing a 50 per cent inhibition of growth. On the other hand, 
6-(2,3-ureylenecyclohexyl)valeric acid was 100 times more effective as a growth 
inhibitor for yeast than the 3,4-butyric acid derivative. The molar inhibition 
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TYPE 

I. . . . . . . . . . . . . . . . . . . . . . . .  
I. . . . . . . . . . . . . . . . . . . . . . . .  
I. . . . . . . . . . . . . . . . . . . . . . . .  
I. . . . . . . . . . . . . . . . . . . . . . . .  
11, . . . . . . . . . . . . . . . . . . . . . .  
11, . . . . . . . . . . . . . . . . . . . . . .  
11. . . . . . . . . . . . . . . . . . . . . . .  
I1 . . . . . . . . . . . . . . . . . . . . . . .  
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0 0 

n 

3 
3 
4 
4 
3 
3 
4 
4 

II c: 
/-\ 

HN NH 

-(CH*),COOH 

II 
C 

HN’ ‘NH 

\(cH~),c OOH 
I I1 

0-(2,3-Ureylenecyclohexyl)- 0-(3,4-Ureylenecyclohexyl)- 
butyric or valeric acid butyric or valeric acid 

ratio in this case was 1500 for one-half normal growth. In all instances the 
growth-inhibitory action was completely reversed by appropriate concentrations 

TABLE 7 
Relative antibiotin activity* of ureylenebenzene and ureylenecyclohexane derivativest 

~~~ ~ 

CARBOCYCLIC EINO 

Phenyl 
Cyclohexyl 
Phenyl 
Cyclohexyl 
Phenyl 
Cyclohexyl 
Phenyl 
C yclohexyl 

L. casci 

1 
4 
4 

800 
16 

6000 
32 

800 

YEAST 

20 
4000 

2 . 5  
2000 

1 
40 
4 

40 

* Arbitrary values based on least active derivative = 
t Adapted from English et al .  (108). 

1 for each organism. 

of biotin. Geometrical isomers of the type I analogues were separated, but there 
appeared to be no significant difference in antibiotin activity between them. 
The analogous ureylenebenzene derivatives were also studied by English et al. 
The antibiotin activity of these compounds was considerably lower than that of 
the corresponding derivatives in the cyclohexane series. None of the products 
produced any growth stimulation with either of the organisms studied. The 
relative growth-inhibitory activity of a number of the compounds is summarized 
in table 7. 

D. Glutathione and other mereapto compounds 
Enzyme proteins very often contain mercapto groups which are essential for 

enzymatic activity. Compounds of arsenic or selenium, the heavy metals, 
oxidizing agents, reactive alkyl halides such as iodoacetic acid (in short, most 
substances which react readily with -SH groups) have been employed to deter- 
mine their presence in and necessity for the action of isolated enzymes. Several 
excellent reviews are available on this subject (34, 35, 168, 169). It is evident 
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from these, and from more recent studies (28, 29, 379), that numerous enzyme 
systems involved in carbohydrate, nitrogen, and fat  metabolism contain essential 
mercapto groups. 

Simpler metabolites such as cysteine and glutathione (yglutamylcysteinylgly- 
cine) also owe many of their biochemical properties to the presence of a mercapto 

HSCHz CHCOOH HOOCCHCHzCHzCONHCHCONHCH2COOH 
I I I 

"2 

Cysteine 
"2 CH* SH 

Glutathione 

group. In fact, i t  has been suggested that the primary function of glutathione 
in cellular systems is the continuous reactivation of -SH enzymes. Glutathione 
is itself a coenzyme for the coglyoxalase enzyme system (406), although other 
similar substances, such as isoglutathione (a-glutamylcysteinylglycine) or as- 
parthione (@-aspartylcysteinylglycine), can also serve in its place (31). Many 
microorganisms require an outside source of potential organic mercapto groups, 
and glutathione has been shonm to be a growth factor for variant strains of the 
gonococcus (146). 

Ehrlich (110) first suggested in 1909 the possibility that the toxic action of 
arsenicals might be due to  their a f i i t y  for mercapto groups. About the same 
time, Chick (65) demonstrated that the action of mercuric chloride on bacteria 
was reversed by excess hydrogen sulfide. It was not until 1923, however, that 
the importance of -SH compounds in relation to the trypanocidal action of ar- 
senicals was established experimentally by Voegtlin, Dyer, and Leonard (423). 
The basis for their work was the concept, now generally accepted, that arsenicals 
are directly toxic only in the arsenoxide form. Compounds in other stages of 
oxidation were presumed to be converted to arsenosides before exerting trypano- 
cidal action, i.e., 

RAsOSH2 + RAs=O + RAs=XsR 
Voegtlin et al. (423) applied the laown reactivity of arsenoxides with hydrogen 
sulfide to 3-amino-4-hydroxyphenylarsenoxide (arsenoxide) and mercaptoacetic 
acid, which were shown to react as follows: 

As=O 
A 

As(SCH2 C 0OH)z 
A 

+ 2HSCH2COOH + 

OH OH 
I I1 

Trypanosomes and other cells with an active metabolism were found to con- 
tain -SH groups, as indicated by the characteristic nitroprusside test. I n  vitro 
tests demonstrated that, whereas M/20,000 arsenoxide (I) killed trypanosomes 
in less than 15 min., the organisms retained their motility for a period comparable 
with the controls in M/200 arsenoxide together with M / 2 0  mercaptoacetic acid. 
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Cysteine, glutathione, and other mercapto derivatives also prevented the toxicity 
of I, but a number of other amino acids not containing sulfur were without effect. 
The disulfides of the active -SH compounds were either much less effective or 
devoid of reversing action. Experiments carried out in vivo with infected 
rats gave similar results. In this case, a ratio of mercapto compound to I of 
about 100: 1 was required to abolish the action of the latter. A considerable lag 
in therapeutic effect was observed in tests with the thioarsenite (11). The rever- 
sible nature of the reaction 

RA-0 + 2HSR’ % RAs(SR’)% + HzO 

was suggested as an explanation for these observations. Voegtlin and coworkers 
also demonstrated that the mercapto compounds were readily oxidized to the less 
active disulfides under their experimental conditions. This factor would also 
increase the amount of antagonist required. 

Rosenthal and T‘oegtlin (352) found that glutathione protected rats from an 
otherwise lethal dose of arsenoxide. They also demonstrated that trypanosomes 
exposed to arsenoxide plus glutathione for an hour retained their infectivity for 
animals as well as their motility, whereas with arsenoxide alone the organisms 
lost both infectivity and motility after 5 min. exposure. Similar results were 
obtained by Reiner and Leonard (335) vith sodium mercaptoacetate. 

The trypanocidal action of several thioarsenites synthesized by Cohen, King, 
and Strangeways (72, 73) was investigated by Strangemays (403). The thioar- 
senites, prepared from aromatic arsenoxides and gluthathione or cysteine, were 
equally as toxic as the parent arsenoxides. Dilutions as high as 1 : 25,000,000 
killed trypanosomes in 6 hr. This activity was attributed to the hydrolysis of the 
thioarsenites, which had been shown to  be favored by alkali (72). Strangeways 
(403) pointed out that dilution would also favor the right-hand side of the equa- 
tion, 

whereas excess mercapto compound should shift the equilibrium to the left. 
Thus, an excess of glutathione had no preventive effect on the trypanocidal action 
of high dilutions (1 : 1,000,000) of either the arsenoxides or thioarsenites, even 
when 2000 moles of glutathione was employed per mole of arsenical. When the 
concentration of the arsenicals was increased to M/1000 or greater, however, 
complete reversal was observed at molar ratios of only 10: 1. The trypanocidal 
action of tartar emetic and acriflavine was not affected by glutathione or cysteine. 

The reaction of glutathione and cysteine with copper sulfate and auric chloride 
was esamined by Voegtlin, Johnson, and Dyer (424). In addition to the forma- 
tion of copper and gold derivatives, part of the -SH compounds appeared to  be 
oxidized, with the formation of cuprous and aurous salts. It was suggested that 
the toxic action of the metallic salts might be due to  a disturbance of the 
equilibrium, 2RSH % RSSR + Hz. Rats could be protected from a lethal dose 
of sodium cupritartrate with sufficient amounts of glutathione or cysteine. The 
toxic action of copper sulfate on spirogyra was also prevented by excess 
glutathione. 

RAs(SR’)z + 2Hz0 % RAs(0H)z + SR’SH 
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Eagle (97) extended the earlier observations in a study of the effect of mercapto 
compounds on the antispirochetal activity of arsenic, bismuth, and mercury com- 
pounds in vitro. He found that the immobilization of T .  pallidurn by substances 

A e A s  

Arsphenamine 

such as arsenoxide, arsphenamine, and mercuric chloride mas prevented by an 
excess of glutathione, cysteine, and sodium mercaptoacetate. Methionine and 
thiamine had no effect. In the case of glutathione and arsenoxide, 5-12 moles 
was required to inactivate one mole of arsenoxide, but Eagle considered that the 
hydrolysis of the thioarsenite (72,403) probably explained the discrepancy. 

The action of mercuric chloride on bacteria (E .  coli) mas examined by Fildes 
(123) from the same general point of view. He found that mercaptoacetate, 
cysteine, and glutathione effectively prevented the bacteriostatic action of mer- 
curic chloride, whereas oxidized cysteine (cystine) and methionine as well as a 
number of other metabolites such as thiamine, nicotinamide, riboflavin, and 
pantothenic acid were ineffective. A molar ratio of approximately 4: 1 for glu- 
tathione and 25: 1 for mercaptoacetate was required to produce complete 
reversal. These differences were explained on the basis of the relative chemical 
stability of the products formed when these two mercapto compounds combined 
with mercuric chloride, i.e., 

2RSH + HgClz G (RS)ZHg + 2HC1 

Even when the organisms were exposed to mercuric chloride (2 X 10-7 M )  for 
4 days at room temperature, the addition of excess -SH compound allowed 
growth to  proceed normally. On the other hand, higher concentrations (2 x 

M )  and temperatures (38°C.) for 17 hr. appeared to produce an irreversible 
effect on the bacteria. Fildes concluded that within limits the only function of 
mercuric chloride was to inactivate mercapto groups without other demonstrable 
injury to the cell. Several organic mercurials have also been shown to be in- 
activated by sodium mercaptoacetate (Nungester, Hood, and Warren (312)). 
Cnder the same conditions, other disinfectants such as phenol and iodine mere not 
affected. 

Albert, Falk, and Rubbo (8) studied the effect of arsenoxide and other 
arsenicals on several bacteria. They found that arsenoxide possessed consider- 
able antibacterial action comparable to mercuric chloride, and that its bacterio- 
static effect could also be reversed with an -SH compound, in this case 
mercaptoacetate. On the other hand, the pentavalent arsenical, m-acetylamino- 
p-hydroxyphenylarsonic acid, was ineffective, and neoarsphenamine showed only 
slight activity. Thus, at least one arsenoxide could be shown to possess con- 



292 RICHARD 0. ROBLIN, JR. 

siderable antibacterial action of the same type as that of the mercurials, while 
closely related arsenicals a t  higher or lower levels of oxidation were inactive. 

Chen, Geiling, and MacHatton (64) found that cysteine reduced the trypano- 
cidal activity and toxicity of trivalent antimonials such as tartar emetic, fuadin, 
anthiomaline, and antimony sodium thioglycolate, but not of the pentavalent 
derivatives, stibamine, stibenyl, and neostibosan. 

Substances preventing the action of an antibiotic agent called penicidin 
(derived from a penicillium but apparently not penicillin or clavicin) were in- 
vestigated by Atkinson and Stanley (20). In addition to a slow-acting, dialyz- 
able substance in serum, several mercapto compounds rapidly inactivated the 
antibacterial action of penicidin. Glutathione was the most effective, M/1000 
reducing the activity approximately thirtyfold. Cysteine and mercaptoacetate 
were less effective, while other types of reducing agents showed no antagonistic 
action. When a mercapto compound and penicidin were mixed in solution and 
the nitroprusside test applied, the -SH group was found to disappear very 
quickly. This result favored the conclusion that a chemical reaction took place 
between the two substances, and that the antibiotic activity was due to the in- 
activation of essential mercapto compounds. 

A number of other antibiotic agents were tested for bacteriostatic action in the 
presence of cysteine by Cavallito and Bailey (59). In every case examined 
(penicillin, citrinin, gliotoxin, c!avicin, pyocyanine, and the active principles of 
several plants) cysteine diminished or completely prevented the antibacterial 
activity. The methyl and ethyl esters of cysteine were also effective in this 
respect, but S-methylcysteine, methionine, alanine, and serine were not. In 
some instances the inactivation was considered to be due to an irreversible reac- 
tion of cysteine with the antibiotic. Other -SH compounds, such as glutathione 
and mercaptoacetic acid, were much weaker or entirely ineffective. The action 
on Gram-positive organisms appeared to be more susceptible to  cysteine inactiva- 
tion than the Gram-negative activity. It was suggested that possibly the fun- 
damental mode of action of certain classes of antibiotics involves their ability to 
interfere with the normal function of mercapto groups in bacterial metabolism. 

A more detailed study of the preventive effect of mercapto compounds on the 
antibacterial activity of clavicin and penicillic acid was carried out by Geiger and 
Corn (139). Attention was called to the fact that these antibiotics are a,@- 

0 

Clavicin Penicillic acid 
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unsaturated ketones, which in general react with -SH compounds as follows: 
R" R" 

This reaction takes place most readily when R' is an aromatic radical and R" or 
R"' is H. 

Both clavicin and penicillic acid were inactivated when incubated for 24 hr. 
with an excess of mercaptoacetate or cysteine. Only a slight excess of mercapto- 
acetate (10 per cent) was required to inactivate clavicin almost completely. 
Thiosulfate also prevented the action of clavicin but not of penicillic acid. Tests 
were carried out with a number of different microorganisms, and the activity 
against the Gram-negative E. coli seemed to be more easily abolished than the 
effect on several Gram-positive organisms. Other a, &unsaturated ketones, such 
as mesityl oxide, isophorone, indalone, benzalacetophenone, and acrylophenone, 
were tested for bacteriostatic activity. 

0 0 
II 
C 

II 
C 

CH 
/ \  

II 
\ /  

CH3 C CH=C (CH3 ) 2 H2C CH H2 C 
/- \  

II I 
CCH3 (CH3hC 

I 
(CH3)zC 

\ /  
C HZ 

CCOOCdHs 
II 
0 

0 
Mesityl oxide Isophorone Indalone 

C sH6C 0 CH-CHC gH6 C 6HsC OCH=CH2 
Benzalacetophenone Acrylophenone 

Of these, only acrylophenone showed a high degree of activity. The action 
of this compound was also prevented by mercaptoacetate and cysteine, whereas 
the lower activity of compounds such as benzalacetophenone was not. This 
difference was explained on the basis of the chemical reactivity of the unsaturated 
ketones. Clavicin, penicillic acid, and acrylophenone reacted rapidly and com- 
pletely with mercaptoacetic acid, but benzalacetophenone reacted much more 
slowly and incompletely. 

Chow and McKee (66) found that the inactivation of penicillin by cysteine was 
a function of the time of exposure. Thus, 0.02 mg. of penicillin was inactivated 
in 48 hr. by 0.08 mg. of cysteine, while 1.2 mg. was required to destroy the same 
amount of antibiotic in 5 hr. On the basis of these observations, it was concluded 
that the inactivation of penicillin was due to a chemical reaction rather than 
interference with an essential -SH enzyme system. Other amino acids-such 
as glycine, methionine, serine, and cystine-were inactive. Mercaptoacetic acid 
showed some effect, but simple mercaptans in general were not effective. 
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Colwell and McCall (74) investigated the effect of mercapto compounds on the 
bacteriostatic activity of naphthoquinones. They showed that sodium mercap- 
toacetate and cysteine hydrochloride prevented the antibacterial action of 2- 
methyl-1 ) 4-naphthoquinone and 

0 
II 

its 3-chloro derivative, with E. coli as the test 

0 

2-Methyl-3-chloro- 2-Methyl-3-methoxy- 
1,4-naphthoquinone 1 ) 4-naphthoquinone 

organism. On the other hand, the -SH compounds failed to affect the bacterio- 
static action of 2-methyl-3-methoxy-l , 4-naphthoquinone, indicating that an 
interference with essential mercapto groups might not completely explain the 
growth-inhibitory mechanism of this class of compounds. 

Streptomycin, but not streptothricin, was found to be inactivated by cysteine 
(Denkewalter, Cook, and Tishler (82)). 2-Aminoethanethiol was also effective in 
preventing the antibiotic activity of streptomycin, but mercaptoacetic acid pro- 
duced no significant effect. Cysteine-inactivated streptomycin could be quan- 
titatively reactivated by iodine. The authors concluded that a mechanism pos- 
tulating either a reversible chemical reaction between the antibiotic and certain 
-SH compounds, or a competitive effect on metabolic processes would be con- 
sistent with their observations. 

A group of antibiotics, and other antibacterial agents which were inactivated 
by -SH compounds, were investigated by Cavallito, Bailey, Haskell, Mc- 
Cormick, and Warner (60). They concluded that the inactivation might be due 
to  one of several mechanisms, and distinguished between specific and non-specific 
effects. Thus, penicillin was inactivated by only a few of the mercapto com- 
pounds tested, whereas allicin appeared to  be inactivated by almost any -SH 

C H2=C H C Hz SS CH2 C H=C H2 

0 
II 

Allicin 

derivative, The mechanisms of reaction between antibacterial agents and mer- 
capto compounds were enumerated as follows : (1) Oxidation-e.g., inorganic 
oxidizing agents, allicin, quinones, and certain dyes. (2) Formation of heavy 
metal complexes-such as the action of mercury, silver, and other metals forming 
mercaptides or complex addition products. (3) Metathesis-e.g., the reaction 
with alkylating agents such as iodoacetic acid. (4) Condensation-as in the 
formation of thioacetals or ketals with aldehydes and ketonesg. (6) Addition to 

9Although the authors did not mention i t ,  the formation of thioarsenites with arsenoxides 
would presumably fall in this category. 
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unsaturated structures,-such as clavicin and penicillic acid, and other un- 
saturated ketones or esters. 

E. Histamine 
Histamine is present in appreciable quantities in most body fluids and tissues. 

It is a substance of multifarious actions, minute amounts exerting a powerful 
vasodilator effect while contracting other smooth muscle. To account for the 
absence of these effects under normal conditions, histamine is generally assumed 
to occur in a bound form in vivo. Although its r81e has not been completely 
elucidated, the liberation of histamine appears to be an important factor in 
anaphylactic shock and many allergic conditions such as asthma and hay fever 

HC=N 
I I  

HN CCHzCHzNHz 
\ /  

CH 
Histamine 

(36, 118, 151). Most vasoconstrictor substances counteract the vasodilator 
effect of histamine, and spasmolytic agents such as atropine neutralize the 
contracting action of histamine on smooth muscle (173). However, other 
agents have been found which, a t  least in some cases, appear to be more direct 
and specific histamine antagonists. 

Edlbacher, Jucker, and Baur (100) first demonstrated that arginine, histidine, 
and cysteine inhibit the effect of histamine on isolated intestinal strips of guinea 

HC=N COOH COOH 
I l l  I 
\ /  

HN CCHzCHNHa HZKCNHCH~CHZCHZ CHNHz 
II 

KH CH 
Histidine Arginine 

pigs. They reported that Rothlin found the contracting action of acetylcholine 
on intestinal strips was not inhibited by arginine, indicating the specificity of the 
histamine antagonism. The other amino acids tested did not counteract the 
effect of histamine. The molar inhibition ratio for arginine appeared to be 
approsimately 28,000: 1, when the histamine action was completely prevented. 
Histidine and cysteine were reported to be somewhat less effective. In all cases 
the reaction was reversible, since, after removal of the antagonist, exposure to 
histamine again produced the usual contraction of the intestinal strips. 

The observations with histidine were confirmed by Mackay (268), who found 
that this substance inhibited the action of histamine in vitro. Histidine did 
not appear to  influence the depressor action of histamine in the catlo. Mackay 
reported that the effect of acetylcholine on isolated gut strips was also prevented 
by histidine. 

1OThe action of histamine may be studied either in vitro using isolated smooth muscle 
or in intact animals. Unless otherwise stated, the observations are with intact animals, 

t 
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In an effort to correlate structure and activity, hckermann and Wasmuth 
(3) carried out an extensive study of compounds which antagonized the action 
of histamine on isolated intestinal strips of guinea pigs. They reported that, 
in addition to arginine and histidine, combined forms of these substances such as 
arginine-rich proteins and carnosine were active inhibitors. Other guanidine 
derivatives and polyamines, such as arcaine, agmatine, 7-guanidobutyric acid, 
canavanine, spermidine, and spermine, also prevented the action of histamine. 

HC=N COOH NH NH 
I r I  I1 /I 
\ /  

HN C CHz CHNHC OCHzCHzNHz HzNCNH( CH2)41JHCNHz 

CH 
Carnosine Arcaine 

NH S H  COOH 
/I l 

HzNCNHO CHz CH2 CHNH2 
ll 

HzXCNH( CH2)rTc”z 
Agmatine Canavanine 

HzN( CHz)3NH( CHz)bNHZ HzN( CH2)3NH(CH2)*NH( CH2)zNHz 
Spermidine Spermine 

Since creatine, creatinine, and asym-dimethylguanidine were inactive, it was 
suggested that the presence of a free hydrogen atom on the side-chain nitrogen 
was necessary for activity. An acid group near the substituted hydrogen of a 
guanidine derivative, as in glycocyamine and P-guanidopropionic acid, appeared 
to eliminate activity. Similarly, methylation of the imino group, as in l(3)- 
methylhistidine and anserine, destroyed the antagonistic action of the parent 
compounds. 

HC=S COOH HC=X COOH 
I l l  I l l  
\ /  

CH3N C CHz CHXH2 CH3 N C CHZ CHNHC 0 CHz CH2NH2 
\ /  

CH CH 
1 (3)-Methylhistidine Anserine 

On the basis of these studies, Ackerman and Wasmuth (1, 3) suggested that 
the NH group in the guanidines and secondary amines competed on a mass 
action basis with the ring NH of histamine for the receptor groups in smooth 
muscle. The ring n” was assumed to anchor the molecule in the tissues, while 
the toxic action of histamine was attributed to the primary amino group. Using 
gut strips from sensitized guinea pigs, they demonstrated that arginine prevented 
the contraction which would normally have been produced by the liberated 
histamine, without interfering with the desensitization of the strips. Ackerman 
and Wasmuth (2) reported that neither choline nor acetylcholine was inhibited 
by arginine. 

Histidine hydrochloride was also studied by Halpern (l55), who found that 
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10 mg. of histidine completely and immediately counteracted the contraction of 
guinea pig gut produced by 1 y of histamine-a molar inhibition ratio of ap- 
proximately 6500: 1. He reported that histidine caused a considerable im- 
mediate reduction in the tone and diminished the amplitude and frequency of 
the contraction of the isolated intestine of the rabbit. Histidine also prevented, 
although in a more irregular fashion, the action of acetylcholine, eserine, and 
barium chloride. 

Landau and Gay (216) conducted a careful investigation of the influence of 
the monohydrochlorides of arginine and histidine on histamine and anaphy- 
lactic reactions of isolated smooth muscle and in intact guinea pigs. They also 
summarized the results in an earlier paper by Linnemeh (236) on this subject. 
Linneweh extended the previous studies to other isolated smooth muscles, and 
found that arginine inhibited the histamine effect in every case. The effects 
of acetylcholine and epinephrine were not influenced by arginine. The action 
of pitocin was inhibited, although to a lesser extent than that of histamine. 
Guinea pigs were protected from histamine toxicity and anaphylactic shock 
with large doses of arginine monohydrochloride. 

The investigations of Landau and Gay (216) also confirmed, in general, the 
earlier observations Lyith both arginine and histidine. They found that the 
action of acetylcholine was not suppressed by concentrations of arginine or 
histidine which prevented histamine contractions of intestinal strips. In some 
cases, however, the response to  acetylcholine was decidedly weaker in the pres- 
ence of the antagonists, and it was concluded that absolute specificity for arginine 
or histidine as histamine antagonists for smooth muscle was not established. In  
some instances Landau and Gay also observed a relaxation of the tone of isolated 
muscle in the presence of arginine or histidine. They confirmed Linneweh’s 
results with arginine by protecting guinea pigs from fatal doses of histamine, but 
were unable to  extend the protection to  anaphylactic shock. Higher doses, 
which might have produced positive results, mere found to be too toxic. 

The results of Gredner and Schumrick (147) and of Jadassohn, Fierz-David, 
and Vollenweider (187, 188) did not corroborate some of the observations in the 
preceding studies. The latter investigators reported that the antihistamine 
activity of arginine and the polyamines did not parallel their effect on the ana- 
phylactic contraction of the guinea pig uterus. The antihistamine activity 
decreased in the order : arcaine, spermine, spermidine, and arginine. Triethyl- 
enetetramine showed only slight antihistamine activity, but it was a more 
potent inhibitor of anaphylactic contractions than arcaine. Both groups of 
investigators reported that the effect of these substances was not limited to 
histamine, since they also prevented the action of pitocin, choline, and ace- 
tylcholine. Gredner and Schumrick considered that the antihistamine activity 
was due to  a slight antispasmodic effect, which counteracted any contractions 
regardless of the nature of the causative agent. 

Rocha e Silva (345) prepared several simple peptide-like derivatives of hista- 
mine which he considered might serve as models for bound histamine, e.g.: 
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CgH6CH=CCONHCH:,CH2C=CH 
I I I 
I I I 

NHCOCH3 N NH 
\ /  

CH 
Acetyldehydrophenylalan ylhistamine 

C ~ H S C H ~ C H C O N H C H ~ C H ~ C = C H  

Acetyl-dl-phenylalanylhistamine 

With the amino group of histamine blocked, the compounds were found to 
possess little or no pharmacological activity before hydrolysis. These ob- 
servations led Rocha e Silva (346) to investigate the antagonistic action of these 
and some acyl derivatives of arginine. Several of the latter compounds were 
found to be more active than arginine as histamine antagonists, although in 
sufficient concentrations they also prevented the action of acetylcholine. Some 
of the results are summarized in table 8, together with molar inhibition ratios 
calculated from these data. 

Morris and Dragsted (300) demonstrated that imidazole itself blocked the 
action of histamine on guinea pig intestinal strips in a ratio of about 1500:l 
(partial inhibition). Doses of 1-128 mg./kg. in cats diminished, but did not 
completely prevent, the effect of histamine. The smaller amount reduced the 
effect approximately 25 per cent, whereas 128 mg./kg., which was the maximum 
tolerated, produced a 60 per cent reduction. 

The antihistamine effects of xanthine and the methylated xanthines-theo- 
bromine, caffeine, and theophylline-were examined by Emmelin, Kahlson , 
and Linstrom (106). These investigators reported that theophylline monoetha- 

0 0 0 

Theophylline Theobromine Caffeine 

nolamine (1/1500) antagonized the action of histamine (0.15y/lOcc.) on smooth 
muscles. This substance and the other xanthines prevented the anaphylactic 
reaction in the bronchi of sensitized guinea pigs. The effects of acetylcholine 
were also antagonized, although the xanthine derivatives alone did not regularly 
or significantly influence bronchial tone. The same smooth muscle was not 
insensitive to all kinds of stimuli, since the contracting action of barium chloride 
'vvas not antagonized. The authors concluded that the xanthines in some manner 
render smooth muscles insensitive to histamine. 
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Young and Gilbert (468) and Gilbert and Goldman (140) demonstrated that 
although theophylline-ethylenediamine (aminophyllin) alone had little effect on 
thin sections of rabbit or dog lung tissue, it had a definite protective effect against 
the constrictor action of histamine. The former authors found that a solution 
of 1 : 1000 aminophyllin in many of the trials completely prevented the bronchiole 
constriction produced by 1 : 50,000 histamine. Neither the sodium salt of 
theophylline (1 :2000) nor the free acid (1 : 5000) showed any antihistamine 
activity. Ethylenediamine and alkalinity corresponding to that of the ami- 
nophyllin solution (pH 8.5) were also without effect. I n  vivo some degree of 
protection was obtained against fatal doses of histamine in guinea pigs, as well as 
a slight effect on anaphylactic shock in these animals. 

TABLE 8 
Relative amounts  of different compounds required to inhibi t  the action of histamine o n  the 

guinea pig i l e u m  (346) 

AMOUNT OF MIZO 
~ SOLUTION coMpouNJJ 

Arginine hydrochloride*. . . . . . . . . . . . . . . .  

Histidine hydrochloride*. . . . . . . . . . . . . . .  

Benzoyl-Z-arginine. . . . . . . . . . . . . . . . . . . . . .  
Benzoyl-Z-arginineamide hydrochloride*, 

Acetyldehydrophenylalanylhistamine 
hydrochloride*. . . . . . . . . . . . . . . . . . . . . . .  

Acetyl-dZ-phenylalanylhistamine hydro- 
chloride* . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

cc. 

0.94 
0.35 
0.18 
0.18 

0.29 

0.25 

HISTAMINE 
ADDED 

Y 

0.036 
0.02 
0.033 
0.03 

0.043 

0.045 

MOLAR INHIBIrION 
RATIOt 

145,000 
97,000 
30.000 
33,000 

37,500 

31,000 

* Average of two or more values on different intestinal strips. 
t Moles of antagonist required to  inhibit one mole of histamine; calculated from Rocha 

e Silva's data (346). 

Another group of substances, mainly derivatives of ethanolamine and ethyl- 
enediamine, has received considerable attention as histamine antagonists. 
While these compounds may not be specific in their action, some of them are 
powerful antagonists of many of the complex effects of histamine. 

In 1937 Unger, Parrot, and Bovet (414) reported that a spasmolytic agent, 
piperidinomethylbenzodioxan, in a concentration of one part in 100,000, in- 

2-N-Piperidinomethyl- 
1,4-benzodioxan 

2-Diethylaminomethyl- 
1,4-benzodioxan 

hibited the action of histamine (1 7/10 cc.) on the isolated intestine of the guinea 
pig. The action appeared to be specific and reversible (after washing, the gut 
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strip regained its normal reaction toward histamine). Later Vallery-Radot, 
Bovet, Mauric, and Holtzer (417, 418) studied the effect of this compound 
and the related diethylaminomethylbenzodioxan on anaphylactic and histamine 
shock in the rabbit. Under certain conditions, these substances protected the 
animals, the diethyl derivative acting more regularly than the corresponding 
piperidine. 

Several compounds in the phenoxyethyldiethylamine [CsH50CHzCHzN(CzH&] 
series were investigated by Bovet and Staub (47), who found that 2-isopropyl- 
5-methylphenoxyethyldiethylamine (thymoxyethyldiethylamine), in particular, 
regularly protected guinea pigs from toxic doses of histamine. The parent com- 
pound, its p-methoxy derivative, p-naphthoxyethyldiethylamine, and diethyl- 
aminomethylbenzodioxan were less active, while cr-naphthoxyethyldiethyla- 
mine and piperidinomethylbenzodioxan were reported to be almost inactive. 
Thymoxyethyldiethylamine was also the most active in antagonizing the effect of 
histamine in vitro. S o  close relationship between histamine antagonism and 
spasmolytic activity was found in this series of compounds. Thus, thymoxy- 
ethyldiethylamine had only a slight spasmolytic action and P-naphthoxyethyl- 
diethylamine, none. The phenolic ethers possessed pharmacological properties 
more closely related to those of histamine itself. Bovet and Staub suggested 
that their action as histamine antagonists might be due to their respiratory 
stimulation. In another series, diethylaminoethylaniline, which was without 
marked pharmacological properties, showed antihistamine activity. The effect 
of thymoxyethyldiethylamine on anaphylactic shock in guinea pigs was studied 
by Staub and Bovet (398), who demonstrated a definite protective action with 
this compound both in vitro and in vivo. 

Staub (396, 397) carried out a comprehensive investigation of a number of 
compounds in the phenoxyethyldiethylamine and diethylaminoethylaniline 
series. In comparing the relative activity of compounds, she preferred histamine 
shock to the isolated-gut method because of the variability of the latter. Thy- 
moxyethyldiethylamine, the most active of the phenolic ethers, protected guinea 
pigs against 2 M.L.D.’s (minimum lethal doses) of histamine in doses of 5 mg./kg., 
although symptoms of shock mere present. An equal dose of N-phenyl-N- 
ethyl-N‘-diethylethylenediamine protected the animals against 3-4 M.L.D.’s 
and no shock symptoms were observed. In the same test atropine (5 mg./kg.) 
mas effective against only 1 M.L.D. of histamine. Some of the relationships 
betxeen structure and activity as recorded by Staub (396) are indicated in 
table 9. 

Thus, in the 
thymoxyethyldiethylamine series (I) removal of one N-ethyl group eliminated 

A number of other structural modifications were also studied. 

I I1 
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the activity, while replacing the diethylamino group by piperidine decreased the 
antihistamine index (A.H.I. =2). Variations of N-phenyl-N-ethyl-"-diethyl- 
ethylenediamine (11), such as removal of the one N-ethyl or of both the N'- 
ethyl groups, destroyed activity. Replacing the N-ethyl by methyl reduced the 
A.H.I. to 1.5, and the N-isopropyl derivative was also less active than the 

TABLE 9 
Ant ih is tamine  i n d e x  of various diethyl derivatives of phenoxyethylamine and  N-phenyl -  

ethylenediamine (996) 

FORMULA 

Q 
B' 

X = OCHzCHziV(CzHs)z 

A.H.I.' 

X = NHCHzCHzN(CzHs)z 
CzHs 
I 

X NCHzCH&(CzHo)z 

4 

1 

1.5 

1 

* A.H.I. = antihistamine index expressed as the number of M.L.D.'s necessary to kill 
Thus, A.H.I.  = 1 an animal protected by 5 mg. of compound injected intravenously. 

indicates no activity. 

Ai-ethyl derivative (A.H.I. = 3). The antihistamine activity of compounds I 
and I1 on smooth muscles of various organs was investigated by Staub (397). 
She found that 5-10 parts by weight of these derivatives prevented the action of 
one part of histamine on the isolated guinea pig gut. They also prevented the 
effect of histamine on the isolated guinea pig uterus and lung as well as the 
bronchi in situ, but were ineffective, in general, against the vascular and local 
skin reactions. A certain amount of parallelism between the relative activity 
against these different effects of histamine was found, but marked divergencies 
were also observed, particularly in going from one series to another. 
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CONCENTRATION 

M 
1.5 X 10-6 
1.5 X 10-8 
1 x 10-7 

Staub (397) attempted to determine the mode of action of I and 11. She 
reported that, while I suppressed the action of other substances capable of 
contracting smooth muscle, such as acetylcholine and barium chloride, I1 di- 
minished the action of these substances only slightly or not at all. Some cor- 
relation between the spasmolytic action of the phenolic ethers and their anti- 
histamine effect was found, but in the N-phenylethylenediamines there was a 
considerable divergence in these activities. The action of the compounds in 
vivo was attributed to some unexplained phenomenon by virtue of which only a 
part of the injected histamine reached the lungs of treated animals. No ap- 
preciable effect on histaminase and no pronounced evidence of a chemical 
reaction between I1 and histamine could be demonstrated. 

Numerous investigations have verified the antihistamine activity of I and I1 
(71, 353, 354, 434), but there appears to be no general agreement as to the spec- 
ificity of these antagonists. Both compounds have been reported to be in- 

XELATIVE ACTIVITY 

0 . 1  
1 

15 

TABLE 10 
Relative antihistamine activity of N-phenylethylenediamines on isolated 

intestine of guinea pigs (166) 

comoum 

11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

AMOUNT' 

- f / lOcc .  

15 

* Amount of antagonist required to  counteract 90-100 per cent of the action of 2-5 X 
10-8 M histamine. 

effective or non-specific in reducing the gastric secretion in dogs following his- 
tamine stimulation (44, 53, 154, 238). 

Following up the xork of Staub and Bovet, Halpern (156) carried out an 
extensive study of the N-phenylethylenediamine derivatives I11 and IV. Both 

C2H6 C&C6& 

\ CH2 CH2X(CH3)2 3': C H ~ C H ~ K ( C H ~ ) S  

I11 IV 
N-Phenyl-N-benzy1-N'- 

dimet hy le t hy lenediamine 

o-K< 
N-Phen yl-N-e t hy1-N'- 

dimethylethylenediamine 

of these compounds appeared to be much more active as histamine antagonists 
than the "-diethyl derivative (11), as shown in table 10. 

Halpern (156) studied the effect of I11 and IV on bronchial spasms in the 
intact guinea pig by employing histamine aerosols. He found the same order 
of activity for these compounds and I1 as in the in vitro experiments. Com- 
paring IV with atropine and epinephrine, he reported that 1 mg./kg. of I V  
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produced an effect equivalent to 25 mg./kg. of atropine and 0.2 mg./kg. of 
epinephrine. On the other hand, using acetylcholine aerosols 50 mg./kg. of 
IV was without effect, while 0.025 mg./kg. of atropine, and the same amount of 
epinephrine which was effective for histamine, controlled the bronchial spasms. 
These results, together with numerous in vitro studies, appeared to establish the 
specific nature of the action of the histamine antagonists. Compounds I11 
and IV showed remarkable activity in protecting guinea pigs against the toxic 
action of histamine, as little as 5-10 mg./kg. of IV preventing the death of 
animals injected with 40-50 M.L.D.’s of histamine. Similarly, in anaphylactic 
shock experiments the compounds protected the sensitized animals against 
multiple shocking doses of serum. In many cases practically all of the symptoms 
of shock were eliminated. Halpern concluded that the compounds neutralized 
the eflfects of histamine by a pharmacodynamic mechanism similar to the phar- 
macological antagonism between atropine and acetylcholine. He suggested 
that the normal affinity of cells for histamine was modified in some unknown 
fashion by the histamine antagonists. 

The antihistamine activity of IV was confirmed by other investigators (2, 61, 
63, 284, 331). The Chauchards (63) found that IV alone produced pharmaco- 
logical effects opposite to those of histamine. In different tissues the actions 
of the two substances individually were sometimes the reverse, but together they 
still neutralized each other. Thus, on cervical preganglionic fibers histamine 
increased chronaxia n-hile IV caused a decrease, whereas on postganglionic 
fibers it was the latter which increased chronaxia and histamine decreased it. 
In both cases, the two substances in combination neutralized each other. 

Bovet, Horclois, and Walthert (46) demonstrated that N-(2-pyridyl)-Ar- 
(p-methoxybenzy1)-N’-dimethylethylenediamine (V) also possesses a high degree 

V VI 

N‘-dimethylethylenediamine N’-dimethylethylenediamine 
N-( 2-Pyridyl)-N-( p-methoxybenzy1)- N-( 2-Pyridyl) -N-benzyl- 

of antihistamine activity in guinea pigs. A dose of 1 mg./kg. protected these 
animals against 75 M.L.D.’s of histamine (45 mg./kg.) and 0.1 mg./kg. was 
effective in preventing experimental bronchial spasms produced by histamine 
aerosols. I n  vitro lo-’ to V prevented the contraction of isolated guinea 
pig gut produced by histamine in concentrations of lo-’. The authors sug- 
gested that the action of this type of histamine antagonist was due to a compe- 
tition for specific tissue receptors. In dogs, Bovet, Horclois, and Fournel (45) 
found that, although the results were less striking, 0.1-1.0 mg./kg. of IT di- 
minished or abolished the effects of relatively small (10-150r/kg.) doses of 
histamine, 
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COMPOUND 

R,,, R’ R’ 

Pyridyl..  . . . . . . . . . . . . . . . . . . . . . . .  Benzyl Methyl 
Pyridyl.. . . . . . . . . . . . . . . . . . . . . . . .  Benzyl Ethyl 
Pyridyl . . . . . . . . . . . . . . . . . . . . . . . . .  Phenyl Methyl 
Pyridyl.. ....................... Phenyl Ethyl 
Pyridyl ......................... Isopropyl Methyl 
Pyridyl ......................... Propyl Ethyl 
Pyridyl.. . . . . . . . . . . . . . . . . . . . . . . .  8-Pyridyl Methyl 
Pyridyl . . . . . . . . . . . . . . . . . . . . . . . . .  a-Pyridyl Ethyl 
8-Picolinyl . . . . . . . . . . . . . . . . . . . . .  Benzyl Methyl 
a’-Picolinyl . . . . . . . . . . . . . . . . . . . . .  Benzyl Methyl 
y-Picolinyl ..................... Benzyl Methyl 

A series of closely related compounds was investigated by Mayer, Huttrer, 
and Scholz (284, 285), who found that N-(2-pyridy1)-N-benzyl-”-dimethyl- 
ethylenediamine (VI) was the most active member of the group (table 11). 
Secondary amines were all inactive or almost inactive. A concentration of VI 
one hundred times greater was required to abolish acetylcholine contractions. 
This result was contrasted with antispasmodics such as P-diethylaminoethyldi- 
phenylacetate (Trasentin), which is one hundred times more active against 
acetylcholine than it is against histamine. With histamine aerosols in guinea 
pigs, V I  was reported to  be twice as active as IV. The same animals were also 
protected from anaphylactic shock by doses (of 0.1-1.0 mg./kg.) of VI. 

R” - TABLE 11 

Comparative antihistamine activity of compounds of the type ’ R‘ ~NCHZCHZN(R”’) I  

(286) 

L N /  

ACTIVITY * 

r fcc .  

>5  
>5  

> 10 
> 10 
> 10 
> 10 
> 10 

2 
1 
0 . 2  

0.02 

* I n  vitro activity expressed in concentrations antagonizing the action of 1 y / c c .  of 
histamine diphosphate on isolated intestinal strips of guinea pigs. 

Additional studies by Yonkman and coworkers (336, 465, 466) indicated that 
VI (25-507) antagonized the action of equal concentrations of histamine in the 
perfused lungs of guinea pigs. Histamine skin wheals produced in rabbits were 
also prevented by VI. In anesthetized cats VI alone produced no observed 
effects; histamine salivation was prevented but not mydriasis. Anaphylactic 
reactions in dogs were not consistently controlled by VI. 

An extensive series of spasmolytic agents11 prepared by Burtner and Cusic 
(54, 55) were investigated for antihistamine activity by Lehmann and Knoefel 
(224, 225). These compounds included esters of diphenylacetic, fluorene-9-car- 
boxylic, 9,10-dihydroanthracene-9-carboxylic, and a number of related acids. 

“Many general spasmolytic agents may fall in the category of physiological antagonists 
(i.e., effects due to  opposite but independent actions). They areincluded in these instances 
for completeness and because the mechanism of action of most of the antihistamine agents 
is still largely unknown. 
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H2 
C 

C OOCH2CHzK( CzH5)Z 
/ \  

H 
VI1 

P-Diethylaminoethyl 9,10-dihydroanthracene-9-carboxylate 

Although these derivatives also antagonized the action of acetylcholine and 
other spasmogenic agents, VI1 in particular showed a marked antihistamine 
effect both in vitro and in vivo. No close relationship between the antagonistic 
action toward histamine and acetylcholine was observed among these types of 
compounds. Thus, replacing the methylene group of VI1 with oxygen (p- 
diethylaminoethyl xanthene-9-carboxylate) led to a tenfold drop in antihistamine 
activity but a corresponding increase in acetylcholine antagonism, whereas 
replacement by an KH group decreased the former activity but left thelatter 
practically unchanged. A subcutaneous dose of 50 mg./kg. of VI1 protected 
guinea pigs from 1.7 mg./kg. (3 M.L.D.’s) of histamine phosphate. Lehmann and 
Young (226) found that these animals were also protected against death from 
anaphylactic shock, but against only one fatal dose of antigen. The actions of 
histamine other than those on smooth muscle were not affected by VIII. 

Another large group of antispasmodics (benzohydryl ethers) was studied by 
Loew, Kaiser, and Moore (241). These compounds were synthesized by 
Rieveschl and Huber (338). Employing a histamine aerosol technique similar 
to that used by Halpern (156), these investigators reported that many of the 
benxohydryl ethers were much more effective than theophylline-ethylenedia- 
mine (aminophyllin) in protecting guinea pigs from otherwise fatal doses of 
atomized histamine. Compared with 11, VI11 and IX appeared to be ap- 

VI11 
Benzohydryl j3-dimethylaminoethyl ether 

IX 
Benzohydryl j3-piperidinoethyl ether 
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proximately twice as effective. In general, compounds with longer or branched 
aliphatic chains were less active. The character of the nitrogen atom affected 
activity so that the order of effectiveness was tertiary amine>secondary> 
primary. Smaller groups on the nitrogen usually produced more active com- 
pounds, while replacement of the oxygen atom by XH led to inactive compounds. 
Loew and Kaiser (239) also found VI11 and IX to be effective in alleviating 
experimental anaphylactic shock in guinea pigs. The potency of VI11 was at 
least equivalent to that of 11, while IX was less than one-half as active. 

The antihistamine activity of VI11 was confirmed by other investigators. 
Ellis (101), employing perfused guinea pig lungs, noted that not only did VI11 
control histamine bronchial spasms, but it also caused a significant amount 
of dilatation. The quantitative relationship between VI11 and histamine was 
studied by Wells, Morris, Bull, and Dragstedt (429, 429a). These investigators 
found that the amount of histamine antagonized bore a constant relationship to 
the amount of histamine injected, and concluded that VI11 might compete with 
histamine for its site of action. 

Controulis and Banks (75) prepared a number of 2-alkoxy-4,6-diamino-s- 
triazines. These compounds were examined for antihistamine activity by 
Loew, Kaiser, and Anderson (240), employing the histamine aerosol method in 
guinea pigs (241). The most active members of this series were the propoxy 
derivative (X), some of the butoxy derivatives, and the thio ether corresponding 
to X, which were approximately four times as active as aminophyllin. XI was 

"2 YH2 

X X I  
2-Propoxy-4,6-diamino-s-triazine 2-(6-N, N-Dimethy1aminoethoxy)- 

4,6-diamino-s-triazine 

considerably less potent than the alkyl derivatives, while substitution on the 
4- and 6-amino groups did not appear to alter activity appreciably. 

Richards, Everett, and Kueter (336a) investigated the antihistamine effect 
of XII, one of a series of benxofuranone antispasmodics. This compound was 

XI1 
3-(p-Diethylaminoethyl)-3-phenyl-2-benxofuranone 

found to  antagonize histamine contractions of the isolated guinea pig uterus. 
I t  also counteracted bronchial spasms induced by histamine more effectively 
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than theophylline. 
anaphylactic symptoms and prevented histamine shock in guinea pigs. 

Other studies with XI1 indicated that it usually reduced 

F .  Nicotinic acid; cozymase 
Kicotinic acid and its amide are more or less equivalent for most organisms 

which are unable to synthesize them (321). As a constituent part of coenzymes 
I and 11, nicotinamide is generally recognized as an important factor in bacterial 
metabolism as well as animal nutrition. The coenzymes with various apoen- 
zymes (specific proteins) function as dehydrogenases in a number of fundamental 
respiratory processes. 

N+ 
I Ho HCOH 

KH2 
A\ 

H T Y o  I HCOH I O  1 

HC HC '1 
I Id 0 0  

CH2 OPOPOCHz 
I I  
0- OH 

Cozymase (coenzyme I) 
Coenzyme I1 differs from cozymase only in having an additional phosphoric 

acid residue in the molecule (104). Despite the known functions of these 
systems, many of the results obtained with antagonists have been inconclusive. 
Some of the inconsistencies may be due to the complex nature of the enzyme 
systems. Under the proper conditions an antagonist could presumably inter- 
fere directly or indirectly with ( a )  the synthesis of nicotinic acid or its conversion 
to  the amide, ( b )  the production of coenzymes from either the acid or amide, 
(c) the combination of the coenzyme with a specific apoenzyme, or (d )  the action 
of the holoenzyme (coenzyme + apoenzyme) on its substrate. 

In 1940, McIlwain (249) reported that M / l O O  pyridine-3-sulfonic acid (I) 
inhibited the growth of Proteus vulgaris Fvhen nicotinic acid was used as a growth- 
promoting agent, but not when corresponding concentrations of nicotinamide 

I I1 
Pyridine-3-sulfonic acid Pyridine-3-sulfonamide 
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were employed. He postulated that the action of I might be localized at the 
enzymatic reaction converting nicotinic acid to its amide or at  a similar stage 
of amide formation from a more complex derivative. Growth stimulated by 
cozymase was even more strongly inhibited by I, suggesting that nicotinic acid 
was not used by Proteus solely for the synthesis of cozymase. With Staph. 
uureus, I1 (M/100-M/500) inhibited growth promoted by nicotinamide more 
effectively than that promoted by the acid. Inhibition of nicotinamide-stimu- 
lated growth by I was differentiated from I1 in that it appeared to change with 
time and was not directly related to the concentration of growth factor. Only 
temporary and incomplete effects were observed with I1 on E.  coli, which does 
not require preformed nicotinic acid or amide. McIlwain (249) distinguished 
three types of growth inhibition, depending on the effect of time and changes 
in the ratio of growth factor and antagonist. 

Matti, Kitti, Morel, and Lwoff (282) did not observe any growth inhibition 
by I1 (M/80)  with their strains of proteus and coli. Employing Proteus vulgaris 
and Streptobacterium plantarum as test organisms, hfoller and Birkofer (298) found 
I and I1 to have slight gron-th-promoting activity, although inhibition was some- 
times produced a t  higher concentrations. In a careful study these investigators 
(298) concluded that, since I and I1 were bacteriostatic only in concentrations 
(M/10) a t  which nicotinic acid or nicotinamide also produced growth inhibition, 
the action under their conditions appeared to be non-specific with respect to these 
growth factors. They also demonstrated that ferric citrate reversed the anti- 
bacterial activity of high concentrations of 11. 

On the basis of the analogy between sulfanilamide and sulfapyridine, Mc- 
Ilwain (250) also prepared 2-(3'-pyridinesulfonamido)pyridine (111). In this 
case, however, I11 was less active as an antagonist of nicotinic acid or its amide 

I11 IV 
2-( 3'-Pyridinesu1fonamido)pyridine 3-Acetylpyridine 

than I or 11. Auhagen (21) found that 3-acetylpyridine failed to  inhibit the 
growth of Streptobacterium plantarum except at  high concentrations where the 
action could not be prevented by nicotinic acid. 

Erlenmeyer, Bloch, Kiefer, and Wurgler (111, 112) investigated a series of 
compounds structurally related to nicotinic acid. When Proteus vulgaris was 
the test organism, Erlenmeyer and Wurgler (1 12) confirmed McIlwain's results 

V VI 
5-Thiazolecarboxamide 2-(5'-Thiazo1ecarboxamido)pyridine 
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0.00503 
0.01515 
0.02163 
0.02515 

(249) with I. They also reported that V reversed the growth inhibition pro- 
duced by I. On the other hand, with Staph. aureus V mas bacteriostatic a t  
M/1000 and the effect r a s  reversed by d4!/25,000,000 nicotinamide (111). 
With this same organism I, in combination with nicotinic acid, produced a slight 
growth promotion while alone it appeared to have no effect. The bacteriostatic 
action of M/5000 I1 was prevented by nicotinamide at  a concentration of 
M/12,500,000. I11 appeared to be a groxth factor alone at M/1000, while VI 
produced growth inhibition which could be reversed with nicotinic acid. 

Euler (113) pointed out that by working with the isolated enzyme systems 
it might be possible to decide which enzyme was being inhibited. The system 
substrate-apoenzyme-coenzyme could be inhibited either through the substrate 
or the coenzyme. An antagonist might also block the active group of the 
coenzyme or inactivate or occupy groups which confer specificity to the apo- 
enzyme. Using glucose and lactic dehydrogenases, Euler investigated a number 
of substances and found that many of them inhibited these enzymes. Nicotinic 
acid produced about the same degree of inhibition as pyridine-3-sulfonic, ben- 
zenesulfonic, benzoic, or p-aminobenzoic acid. Salicylic acid, adenosine, and 
yeast tetranucleotide were somewhat more effective inhibitors. 

In a subsequent paper Euler and Ahlstrom (115) reported a more complete 
study of salicylate [SI, since it had been demonstrated that the inhibiting effect 
of this substance could be reversed by cozymase. Assuming that the inhibition 
depended on a displacement of cozymase on the apoenzyme, the authors set up 
the following displacement equilibrium : 

K =  [cozymase-apoenzymel[NaSl 
[S-apoenzyme][ cozymase] 

At 50 per cent inhibition the concentration of both molecular complexes 
should be equal, so that, 

1600 3.33 
5000 10.40 
7000 14.56 
8400 17.60 

[SI K =  
[ cozymase] 

With 100 mg. of glucose and 400 mg. of apoenzyme the following data were 
obtained: 

MILLIMOLES OF 1 COZYMASE I SALICYLATE 
y-cozYKAsE 

10 
30 
43 
50 

K 

662 
686 
673 
692 

Varying the concentration of apoenzyme had practically no effect on the 
degree of inhibition. Moreover, preliminary incubation of cozymase and 
apoenzyme for 2 hr. had no effect on the per cent inhibition. Euler and Ahl- 
strom considered that the equilibrium constant might also be explained by the 
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reaction of salicylate with another group in the apoenzyme. They concluded 
that, since so many different substances produced an inhibition of the same 
system, because succinic dehydrogenase which does not require cozymase was 
inhibited by some of the same conipounds, and since salicylate inhibited both 
cocarboxylase and cozymase, it was improbable that its action depended on a 
specific displacement of the coenzyme. 

In mice, Woolley and White (459) were unable to produce a nicotinic acid 
deficiency by feeding pyridine-3-sulfonic acid. They suggested that the lack 
of effect might be due to the fact that mice do not require an external source of 
nicotinic acid. It had been shown earlier that dogs deficient in nicotinic acid 
were killed by the sulfonic acid while normal dogs were apparently not harmed 
(456). 3-Acetylpyridine (IV) produced a similar effect. Later, Woolley (452) 
reported that typical signs of nicotinic acid deficiency in mice were produced 
by IV. The signs of the disease were prevented by an excess of nicotinic acid 
or nicotinamide in the rations. With several species of bacteria, no specific 
growth inhibition with IV  was observed, confirming the results obtained by 
Auhagen (21). 

About the time that Woods and Fildes (122,443) described the relationship of 
PABA to sulfonamides, West and Coburn (430) reported that cozymase in- 
terfered with the antibacterial action of suIfapyridine, while nicotinic acid did 
not. Since autoclaved cozymase was used as a control, it seemed unlikely that 
this effect could be due to contamination with PABA. The authors called 
attention to a structural relationship between sulfapyridine and nicotinic acid, 
and suggested that the two substances might compete for the same position in the 
coenzyme molecule. Dorfman, Rice, Koser, and Saunders (91) studied the 
effect of sulfapyridine on the respiration of dysentery bacilli. When glucose 
was used as substrate, it was found that respiration stimulated by nicotinamide 
was inhibited by sulfapyridine. The order of addition of these substances was 
important , a greater inhibition resulting from the addition of sulfapyridine 
first, followed by a period of incubation before the nicotinamide was added. 
Similar results were observed with cozymase, and the authors suggested that the 
action of sulfapyridine on microorganisms might be related to the rble of nicoti- 
namide in their metabolism. 

Kumerous investigators (90, 183, 298, 371, 390, 404, 411, 442) have examined 
these relationships to bacterial growth and respiration with variable results. 
Anderson, Pilgrim, and Elvehjem (lo), working with enzyme systems in which 
coenzyme I was necessary for maximum activity, found no inhibition with 
sulfapyridine or sulfathiazole. They concluded that these sulfonamides did 
not interfere directly with the functioning of cozymase in yeast fermentation 
or in several systems in normal rat liver, and suggested that the available evi- 
dence indicated the possibility that the sulfonamides might inhibit the synthesis 
of coenzymes. 

G .  Pantothenic acid 
Although pantothenic acid is widely distributed in nature, its physiological 

functions are largely unknown at present. Available evidence suggests the 
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possibility that it may be associated with carbohydrate metabolism (436). It 
seems likely that the vitamin is necessary for the normal functioning of practi- 
cally all living matter (351). P-Alanine and cr-hydroxy-@,p-dimethyl-y-buty- 
rolactone (pantolactone) or the corresponding acid (pantoic acid) are generally 
regarded as the precursors in the biological synthesis of pantothenic acid. Many 
closely related derivatives have been tested for vitamin activity, but at most 
they have very slight physiological action or are incomplete substitutes for 
natural d(  +) -pantothenic acid (436). 

HOCHzC (CH,)zCHOHCO?SH CHzCH2COOH 
Pantothenic acid 

HOCHzC (CH3)ZCHOHCONHCHzCHzSOZH 
Pant oyl t aurine 

Snell (380) and Kuhn, Kieland, and Moller (210) first described the taurine 
analogue of pantothenic acid, for. which the name pantoyltaurine was suggested 
by McIlwain (254). With a strain of Lactobacillus arabinosus which requires 
preformed pantothenate, Snell found that pantoyltaurine was bacteriostatic, 
and that over a \Tide range of concentrations, growth was proportional to the 
relative amounts of pantoyltaurjne and pantothenic acid. A strain of yeast 
stimulated by pantothenic acid was inhibited by pantoyltaurine, but growth of 
the same yeast stimulated by @-alanine was not reduced by the antagonist or by 
taurine. A number of other organisms requiring preformed pantothenic acid 
\\ere susceptible to pantoyltaurine in varying degrees, and growth could be 
restored by additional pantothenic acid. In these cases the antibacterial action 
of the antagonist appeared to be produced entirely by its effect in screening the 
essential vitamin away from its site of action. However, organisms which 
synthesized their own pantothenic acid were not susceptible to pantoyltaurine. 
I t  \vas suggested that differences in cellular permeability or pantothenic acid 
metabolism might explain the lack of effect on these organisms. Since only 
d( +)-pantothenic acid acts as a growth factor for L. arabinosus, Snell investigated 
the optical isomers of pantoyltaurine. The d(  -)- and Z(+)-ru-hydroxy-p ,@-di- 
methyl-y-butyrolactones were condensed with the sodium salt of taurine 
by heating for 5 hr. at 120°C. The pantoyltaurine from the d(-)-lactone 
proved to be about ten times as active as a growth inhibitor, and because of the 
racemization which undoubtedly occurred at  the high temperature, all the anti- 
bacterial action was considered to be due to this isomer. 

Under milder conditions (60 hr. standing at  room temperature, followed by 
chromatographing and conversion to the quinine salt) Kuhn, Wieland, and 
Moller (210) obtained a d( +)-pantoyltaurine which Fvas 32 times as active as the 
corresponding I (  - )-isomer. Since their lactone intermediates were not opti- 
cally pure, these investigators also concluded that all the bacteriostatic activity 
was probably due to the d( +)-form of pantoyltaurine. With Streptobacterium 
plantarurn Kuhn et al. found that growth inhibited by pantoyltaurine was com- 
pletely restored by pantothenate and partially by 0-alanine, or better, b-alanine 
plus pantolactone, although neither of the latter could replace pantothenic acid 



312 RICHdRD 0. ROBLIN, JR. 

as a growth factor for the organism. The bacteriostatic action decreased with 
time, and it n-as suggested that either the antagonist was gradually split or the 
presence of pantoyltaurine might stimulate the organisms to synthesize panto- 
thenate. S o  other vitamins or growth factors tested were found to reverse the 
action of pantoyltaurine, thus demonstrating the specific nature cf the growth 
inhibition. Assuming that metabolite and antagonist compete for the same 
apoenzyme in the cell, the inhibition constant at  50 per cent growth inhibition 
and from this the dissociation constant of the apoenzyme-pantothenate and 
apoenzyme-pantoyltaurine complexes were calculated as indicated : 

where [PI = concentration of pantothenate, [Ap] = concentration of apoenzyme, 
and [TI = concentration of pantoyltaurine. These values were of the same 
order of magnitude as the dissociation constants for previously determined cell- 
free enzyme systems such as the old yellow enzyme (3.3 X 10-5) and a-amino 
acid oxidase (2.5 X lo-'). 

Teague and Williams (410) reported that the fermentation by deficient yeast 
cells, which pas  accelerated by pantothenate, was not affected by pantoyltaurine. 

hlcllwain (254, 255) found that racemic pantoyltaurine inhibited the growth 
of streptococci, pneumococci, and some strains of diphtheria bacilli, but not coli, 
staphylococci, or Proteus morganii, even though the last-named organism re- 
quired preformed pantothenic acid. With streptococci and pneumococci neither 
&alanine nor pantoic acid interfered with the antibacterial action of pantoyl- 
taurine, but in most cases j3-alanine as well as pantothenate acted as reversing 
agents with susceptible strains of diphtheria bacilli. Blood serum and other 
natural fluids also reversed the bacteriostatic effect of pantoyltaurine, and it was 
shown that this action was directly related to the pantothenic acid content of 
these fluids. From the quantitative relationships between pantothenate and 
pantoyltaurine which he obtained, McIlwain considered that the results were 
typical of the competitive inhibition of an enzyme. He found that for strepto- 
cocci the inhibition ratio was approximately 500: 1, while for pneumococci it was 
about 1OOO:l. Allowing for the probable inactivity of the E(-)-isomer (210, 
380), the ratios were 250: 1 and 500: 1, respectively. The ratios for several other 
organisms were determined to be considerably higher. On the basis of the 
blood pantothenate levels and the inhibition ratios, McIlwain concluded that 
it should be possible to obtain an antistreptococcal level of pantoyltaurine in 
experimental animals. 

A study of the therapeutic effects of pantoyltaurine in experimental strepto- 
coccic infections was carried out by McIlwain and Hawking (264). They found 
that this substance was rapidly excreted even when large doses were injected. 
In mice pantoyltaurine was ineffective w a chemotherapeutic agent. This 
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result was shown to be due to the amount of pantothenic acid present in mouse 
blood. Iiats, in which the blood pantothenate is lower, were completely pro- 
tected by large frequent doses of pantoyltaurine. The simultaneous admin- 
istration of pantothenic acid reversed the action of the antagonist, as it did 
in vitro. As the authors pointed out, the importance of these studies rests on the 
demonstration that, provided allowance is made for the concentration of the 
natural reversing agents present in blood and tissues, antagonists designed to 
inhibit specific essential metabolites can function in vivo as well as in vitro. 

Attempts have been made to produce a pantothenic acid deficiency inanimals 
by means of pantoyltaurine. Snell, Chan, Spiridanoff, Way, and Leake (383) 
reported obtaining symptoms of such a deficiency in mice by long-continued oral 
administration of pantoyltaurine. However, Woolley and White (459) and Unna 
(415) were unable to confirm these results. 

In  addition to pantoyltaurine, the following analogues of pantothenic acid 
were prepared by Barnett and Robinson (27): 

HOCHz(CHz)zCONH(CHz)&OOH 
I 

Bisnordeoxypantothenic acid 

CH3CHOH (CHJ2CONH (CHz)zCOOH 
I1 

Isonordeoxypantotheniic acid 

HOCHzC (CH3)zCHOHCHzCONH(CHz)zCOOH 
I11 

Homopantothenic acid 

H OCHzC (CH3)zCHZC ONH (CH2)zCOOH 
IV 

Deoxypantothenic acid 

HOCH ZC (CHS)2CH=CHCONH(CHz)&OOH 
V 

Dehydrohomopantothenic acid 

H OCHzC (CH~)~CHOHCOKH(CH~)ZSOZNH~ 
VI 

Pantoyltauramide 

HOCHzC (CH3)zCHzCHOHCONHCH2CHzSOsH 
VI1 

Homopantoyltaurine 

These and several other derivatives synthesized by condensing pantolactone 

The compounds prepared by Barnett and Robinson were studied as panto- 
with various amino acids had very little growth factor activity. 
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thenate antagonists by McIlwain (255). He found that the other taurine 
derivatives (VI and VII) behaved like pantoyltaurine, although they were in 
general less inhibitory to growth. The antistreptococcal index was 2000 for 
the tauramide derivative (VI) and 20,000 for VII, as compared with 500 for 
pantoyltaurine. With other susceptible organisms the same order of effective- 
ness was observed. Compounds I and I1 were slightly bacteriostabic for strepto- 
cocci, and more so for coli and staphylococci, but pantothenic acid did not reverse 
the effect of these two substances. The other derivatives were inactive as 
antagonists. To account for the observation that the taurine derivatives in 
general only inhibited the growth of organisms requiring preformed pantothenic 
acid, McIlaain proposed the following possible explanations : ( a )  Destruction 
of the inhibitor during growth; ( b )  production of large amounts of pantothenic 
acid; or (c) other inherent differences in enzyme make-up or permeability. It 
was possible to rule out both ( a )  and (b)  in the case of E. coli, but the factors in 
(c) were more difficult to assess. In relation to (b)  McIlwain demonstrated that 
pantoyltnurine did not stimulate coli to produce more pantothenate. He also 
suggested that pantothenic acid produced in situ might be a more effective 
reversing agent than when supplied in the culture medium. 

By successive subculturing in increasing concentrations of pantoyltaurine, 
McIlwain (259) obtained resistant strains of streptococci and diphtheria bacilli. 
Fast strains of streptococci were found to be no more resistant to sulfanilamides 
than the parent organisms and, conversely, sulfanilamide-fast bacteria were just 
as susceptible to pantoyltaurine as the parent strains. The pantoyltaurine- 
resistant streptococci retained a need for pantothenic acid, whereas the require- 
ments of diphtheria bacilli changed, so that strains originally requiring panto- 
thenate were able to grow with P-alanine and produced pantothenate when they 
became fast to pantoyltaurine. The resistant streptococci apparently neither 
produced more pantothenate nor destroyed the pantoyltaurine. Resistant 
diphtheria bacilli were also obtained by “training” without the use of pantoyl- 
taurine. Organisms “trained” to utilize @-alanine efficiently were more re- 
sistant to pantoyltaurine, while those which became dependent on pantothenic 
acid were more susceptible. 

McIIwain (259) also found that the grovth of Proteus morganii, which was 
resistant to pantoyltaurine, was inhibited by a combination of this antagonist 
and salicylate [cf. Ivanovics (186)]. Concentrations of these substances which 
alone were without effect produced complete bacteriostasis in combination. h 
similar synergistic action mas observed with botb the normal and resistant 
streptococci. Pantothenate reversed the combined bacteriostatic action in all 
cases. 

In a later investigation McIlwain (260) reported that two strains of Proteus 
morganii were susceptible to pantoyltaurine, and visible growth was prevented 
by ratios of antagonist to pantothenate of 2 x lo6. He also studied the mode of 
action of pantoyltaurine by determining its effect on the gas production of 
streptococci under anaerobic conditions. Although the effects of the antagonist 
could be reversed by pantothenate, they appeared to be too small to account for 
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the marked effect of pantoyltaurine on the growth of the organism. McIlwain 
concluded “that pantothenate is of importance to the organism because of the 
products to which it normally leads, whose presence in adequate concentrations 
is necessary for normal growth. When pantoyltaurine affects growth, it is 
believed to lower the rate of formation of these products to such an extent that 
they limit the rate of growth of the organism.” 

McIIwain and Hughes (265) reported that pantoyltaurine prevented the 
disappearance of pantothenate from streptococcal cultures, which normally 
occurred in its absence. This metabolism of pantothenate was associated with 
carbohydrate metabolism but was independent of growth and oxygen supply. 
Other substances which prevented glycolysis reduced pantothenate metabolism, 
but pantoyltaurine stopped this metabolism without interfering with glycolysis. 
Streptococci were shown by McIh-ain (262) to inactivate pantothenic acid (i.e., 
destroy its growth-promoting properties) a t  the rate of about 2 millimicromoles 
per milligram of dry weight per hour. Pantoyltaurine was also inactivated by 
these organisms, although at  a slower rate. Of various bacterial species studied, 
five which synthesized pantothenic acid were insensitive to  pantoyltaurine, 
while six requiring the preformed metabolite for growth were sensitive in 
varying degrees to the antagonist. However, there did not appear to be any 
direct relationship between the rate at which the organisms destroyed panto- 
thenic acid and their sensitivity to  pantoyltaurine. 

After determining the inhibition ratios of a group of pantothenic acid antago- 
nists and related compounds (25, 26, 274), McIlwain and Hughes (266) showed 
that these ratios could be correlated with the effectiveness of the antagonists in 
preventing pantothenate destruction. Similarly, the relative antibacterial 
activity of pantoyltaurine against various microorganisms was directly related 
to its protective action. Analogous compounds tvhich were not reversed or were 
inactive as growth inhibitors did not protect pantothenic acid from inactivation 
by the organisms. These results suggested that the two phenomena, metabolism 
and growth, were closely related, and that the effect of antagonists on growth 
might be associated with their inhibition of pantothenate inactivation. McIlwain 
(263) found that, while there n-asa latent periodin the growth-inhibitory action of 
pantoyltaurine, pantothenate inactivation was affected immediately. However, 
he did not consider that this observation was inconsistent with a causal relation 
between the two inhibitions, because the latter process was probably carried out 
by the organisms in considerable excess of their minimal needs. 

McIlwain (263a) also attempted to demonstrate a displacement of panto- 
thenate in bacterial cells by pantoyltaurine. No liberation of firmly bound 
pantothenate was observed in the presence of excess pantoyltaurine- Larger 
quantities of the metabolite which were loosely associated with the organism 
(p-hemolytic streptococci) were released into saline solutions, but pantoyltaurine 
did not increase the quantity of loosely bound pantothenate released. These 
results were taken as additional evidence that the antagonist acts by preventing 
the binding of pantothenate in functioning form by susceptible organisms, rather 
than by the displacement of firmly bound metabolite. 
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While studying the biological action of a-methylpantothenic acid, Pollack 
(324) found that high concentrations of the compound repressed the growth- 

HOCHzC(CH3)&HOHCONHCHzCH(CHa)COOH 
VI11 

a-Methylpantothenic acid 

HOCHzC (C€I3)2CHOHCONHCH(CH3)CH~COOH 
I X  

P-Methylpantothenic acid 

promoting action of pantothenic acid on Lactobacillus casei. This repression 
increased with concentration only up to a point, beyond which additional 
amounts led to slightly increased growth. When it occurred, the growth- 
inhibiting action of VI11 could be reversed by the addition of excess pantothenic 
acid. With a yeast strain the a-methyl derivative produced some growth stimu- 
lation, but this effect could not be attributed to hydrolysis of the compound 
followed by utilization of the pantoic acid. Under certain conditions Pollack 
found that a-methyl-&alanine also appeared to inhibit the growth of yeast to a 
slight degree. 

Nielsen, Hartelius, and Johansen (308) found that p-methylpantothenic acid 
(426) inhibited the growth of Sfreptobacterium plantarum, the ratio of antagonist 
to  pantothenic acid being about 5000: 1. With ratios as low as 200: 1, growth 
was inhibited approximately 50 per cent. The effect of IX on the growth of 
yeast cells was apparent only in the presence of higher ratios (20,000-50,000: l), 
although t,he respiration of these cells was inhibited a t  somewhat lower levels. 
Shive and b e l l  (375) also examined the effect of crude VI11 and IX on several 
microorganisms. In general, racemic IX appeared to be a somewhat more 
effective antagonist, and with some organisms (e.g., Leuconostic mesenteroides 
P-60) VI11 did not produce complete inhibition of growth. In confirmation of 
Pollack's work (324), it was found that VI11 inhibited growth only to the level 
corresponding to its own stimulatory effect. 

Barnett (25) prepared several analogues of pantoyltaurine from p-mercapto- 
ethylamine, p ,/3'-diaminodiethyl sulfide, and the corresponding disulfide. From 
the sulfide, the sulfoxide and sulfone were obtained. The N-pantoyl derivatives 
of these compounds, e.g., 

CHS 
I 
I 

CHs 

CHI 
I 
I 

CHa 

HOCHzCCHOHCOKHCHz CHZSH HOCHzCCHOHCONHCHz CH2 

N-Pantoyl-@-mercaptoethylamine p , $-Di(N-pantoylaminoethyl) sulfide 
inhibited the growth of Lactobacillus arabinosus. The mercapto and disulfide 
compounds were reported to be as active as pantoyltaurine, while the sulfide, 
sulfoxide, and sulfone were less effective. All of the pantoyl derivatives were 
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reversed by pantothenic acid. In  vivo tests in rats infected with streptococci 
apparently did not indicate that these analogues were as effective as pantoyl- 
taurine, although no experimental details were reported. 

Substitution of phenyl for methyl groups, or the introduction of a phenyl 
substituent alpha to the sulfonic acid group in pantoyltaurine was reported by 
Barnett , Dupr6, Holloway, and Robinson (26) to yield inactive compounds. An 
attempt was also made to decrease the rate of excretion by esterification of the 
a-hydroxyl with p-toluenesulfonyl chloride, in the hope that this derivative 
might gradually break down in civo to  pantoyltaurine. However, the com- 
pound n-as inactive when tested against experimental streptococci infections in 
rats. 

lladinaveitia, Martin, Rose, and SJyain (274) prepared and studied a series 
of pantamide derivatives including the amide itself, the hydrazide (X), and 
dialkylamino-alkylamino, phenylalanine, hexahydroanthranilic acid and other 
derivatives as well as several /3-aminoethyl phenyl sulfones such as XI. A 
majority of these compounds acted as pantothenic acid antagonists when L. 
casei E and streptococci were the test organisms. X was the most potent 

HOCH2 C(CH3)2CHOHCOSHXHz 
x 

dl-Panthydrazide 

HOCHzC(CH3)2CHOHCONH( CH2)2S02 n N H 2  

X I  
dl-p-(A;-Pantoylaminoethyl) p-aminophenyl sulfone 

antagonist in the presence of low concentrations of pantothenic acid. At higher 
concentrations of the metabolite, however, this derivative and others, including 
XI and the corresponding p-methyl and p-methoxy derivatives, were similar to  
pantoyltaurine in activity. The antibacterial action of compound XI  was re- 
versed by pantothenic acid (2.5ylcc.) but not by PABA (1/1000), indicating 
that antagonism of the latter metabolite was not contributing to the antibacterial 
action. In. vivo XI showed a slight chemotherapeutic effect in experimental 
streptococcal infections in rats. 

Several alcohols and related compounds were investigated by Snell and Shive 
(375,386), who showed that pantothenyl alcohol (386) (XII) and other alcohols 

HOCHzC (CHB)~CHOHCONHCH~CH~CH~OH 

XI1 
Pantothenyl alcohol 

HOCHzC (C&)zCHOHCOrU"CHzCHzOH 

XI11 
dE-N-Pantoylethanolamine 
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Leuconostic mesenteroides P60, . . . . . . . . .  
Lactobacillus acidophilus VT. .  . . . . . . . . .  
Lactobacillus arabinosus. . . . . . . . . . . . . . .  
Lactobacillus casei, . . . . . . . . . . . . . . . . . . . .  
Lactobacillus fermenturn. . . . . . . . . . . . . . .  
Streptococcus fecalis R .  . . . . . . . . . . . . . . . .  
Streptococcus lactis 125. . . . . . . . . . . . . . . .  
Saccharomyces cerevisiae FB. . . . . . . . . . .  
Staphylococcus aureus.  . . . . . . . . . . . . . . . .  
Escherichia col i .  . . . . . . . . . . . . . . . . . . . . . .  
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300 200,000 
5,000 5,000 
5,000 1,000 

lo! 000 10,000 
100,000 200,000 
50,000 30,000 
1,000 

30 , 000 10,Ooo 
Kot inhibitedt 
Not inhibitedt Not  inhibited 

HOCH~C(CH~)~C€IOHCO~HCH~C€I~CH(CH~)0H 
XIV 

N-Pan toyl-4-amino-2-butanol 

HOCHzC (CH3)2CHOHCONHCH&HOHCOOH 
XV 

N-Pant oylisoserine 

(XIII, XIV, and XV) inhibited the growth of several microorganisms. These 
derivatives were not obtained in pure form, but it was found (386) that XI1 
prepared from d (  -)-pantolactone was twice as active as the product from dl- 
lactone and about ten times more effective than XI1 from I(+)-pantolactone. 
With Leuconostic mesenteroides P-60 growth stimulated by pantothenic acid was 
inhibited by XI1 over a wide range of concentrations. The competitive nature 

TABLE 12 
Comparative susceptibility of various organisms io  inhibi t ion b y  pantothenvl alcohol and 

pantoyltaurine (386) 

ANTIBACTZRIAL INDEX' 
OBGANISY 

Pantothenvl alcohol I Pantoyltaurine 
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ever, in two cases'? the antagonism of organisms not requiring preformed panto- 
thenate was not prevented by the metabolite. With Staph. aureus, pantothenic 
acid was only stimulatory, and the antibacterial effect of phenyl pantothenone 
was reversible. A sample of what appeared to be impure methyl pantothenone 
was also studied by Woolley and Collyer. The growth-inhibitory effect of this 
product was not prevented by pantothenic acid Iyhen either L. casei or S. cerevi- 
siae was the test organism. 

Shive and Snell (375a) prepared a group of dl-N-pantoylalkylamines as well 
as the corresponding derivatives of several substituted alkylamines. All of these 
compounds inhibited the growth of several microorganisms which required 
preformed pantothenic acid. The different antagonists varied considerably in 
their inhibitory effect on the same organism, and the relative activity of Merent 

TABLE 13 
Amounts  of phenylpantothenone required to reduce growth of various microorganisms* (464) 

ORGANISM 

Lactobacillus casei. . . . . . . . . . . . . . . . . . . . . . .  
Lactobacillus arabinosiis. . . . . . . . . . . . . . . . . .  
Streptococcus hemolyticus (Group B).  . . . .  
Escherichia coli?, . . . . . . . . . . . . . . . . . . . . . . . .  
Staphylococcus aureus.  . . . . . . . . . . . . . . . . . . .  

Saccharomyces cerevisiae . . . . . . . . . . . . . . . .  

Endomyces vernalis 

ANTAGONIST 

r l cc .  
54 

180 
60 

2000 
140 

33 

39 

PANTOTHENIC 
4CID REVERSAL 

+ + + 
+ 
- 

- 

- 

PANIOTEENIC ACID 
REQUIREXENT 

Required 
Required 
Required 
Not required 
_hot required but 

slightly stimula- 
tory 

Required but re- 
placeable by ,% 
alanine 

S o t  required 

* Half-maximum growth in the presence of 0.04 r/cc.  of Pantothenic acid 
t Complete inhibition of growth not obtained with this organism. 

Compounds, even in a homologous series, changed markedly with different organ- 
isms. In general, the inhibition ratios were of the same order of magnitude as 
those for pantothenyl alcohol. 

A large series of pantoyltauramides 1% as prepared by Winterbottom, Clapp, 
Miller, English, and Roblin (437). Included in this series were aliphatic aroma- 
tic and heterocyclic amine derivatives, many of which possessed a high degree 0 

- HOCH2 C(CHs)2CHOHCONHCH2 CHtS OzKH 

Pantoyltauranilide 

of antibacterial activity. White, Lee, Jackson, Himes, and Alverson (433) 
found that the inhibition ratio for the most active members, e.g., pantoyltaura- 

'%The effect on E. coli, because of the relatively high concentrations required, may not 
be specific. In  general, specific antagonism in the absence of reversal can only be deduced 
by analogy. 
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PAWOTHENIC ACID 

Added Total 

mg./100 cc. mg./lOO cc. 

0 . 0 2  
0 . 3  0 . 3 2  
1 . 5  1 .52  
6 . 3  6 . 3 2  

mido-4-chlorobenzene and pantoyltauramido-3,5-dibromobenzene, was approxi- 
mately 25:l for the d(+)-isomers. Several strains of streptococci and pneu- 
mococci were susceptible to these derivatives in vitro, but a number of other 
organisms tested were resistant to high concentrations (128 mg./100 cc.). 
Most of the resistant organisms presumably did not require preformed panto- 
thenic acid. With a group A streptococcus in a complex medium containing 0.02 
mg./lOO cc. of pantothenic acid, White et al. obtained the following results for 
d( +)-pantoyltauranilide : 

M.E.C. 

mg./100 cc, 

1 
16 
64 

128 

INHIBITION BAT10 

-7 
50 
50 
42 
20 

The M.E.C. represented the minimum effective concentration required to  
inhibit growth completely for 48 hr. In vivo, mice mere protected from experi- 
mental streptococcal infections by single oral doses of about 0.5 g./kg. of the 
halogen-substituted anilides. These results contrasted sharply with the activity 
of pantoyltaurine, which was ineffective orally and only showed chemotherapeu- 
tic activity in rats when large frequent doses were administered by injection 
(264). 

While a majority of the antagonists probably interfere with the utilization of 
pantothenic acid, substances which may interfere with its synthesis have also 
been described. Ivanovics (185, 186) found that, in addition to a non-specific 
protein-denaturing action at high concentrations (0.1-0.25 M ) ,  small amounts of 
salicylic acid appeared to prevent the synthesis of pantothenate. Acetyl and 0”” COOH 

Salicylic acid Mandelic acid 

phenyl salicylates were also effective, but thiosalicylic acid and salicylamide were 
not. As in the case described by Fildes (124), no constant ratio between salicy- 
late and pantothenate was observed. With staphylococci, pantolactone reversed 
the growth inhibition of salicylate but it was much less efficient in this respect 
than pantothenic acid, while p-alanine had no reversing action. Proteus morganii, 
requiring preformed pantothenate, was unaffected except by high concentrations 
of salicylic acid. These observations led Ivanovics to conclude that the antago- 
nism occurred ab the synthesis stage, probably in the production of pantoic acid 
or its conversion to pantothenic acid. In a simple medium the growth of E. coli 
was inhibited by 0.00002 M salicylate. The presence of protein hydrolysates 
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&AMNOBVTYRIC ACID 

mg.1100 cc. 

20 
10 

almost completely eliminated this antibacterial action. Ivanovics showed that 
a mixture of amino acids produced the same result. Valine alone was the most 
efficient but this and other amino acids, including methionine, lysine, leucine, 
and isoleucine in combination, were still more active in reversing salicylate. 
Coli produced eight times as much pantothenate in a casein hydrolysate medium, 
and it \!-as concluded that some of the amino acids might be involved in the 
synthesis of pantolactone. 

Stansly, Schlosser, and Alverson (394,395) confirmed Ivanovics' observations 
with E. coli and demonstrated that pantoate ion is approximately nine times more 
active than pantolactone in reversing the antibacterial action of salicylate. 
Pantoyltaurine, presumably because it is partially hydrolyzed to pantoic acid, 
was also shown to prevent the bacteriostatic effect of salicylic acid (394). The 
formation of pantoic acid or of pantolactone was suggested as a possible explana- 
tion for the ineffectiveness of pantoyltaurine as an antibacterial agent for micro- 
organisms which can utilize these intermediates for the synthesis of pantothenic 
acid. 

PBrault and Greib (318) reported that, like salicylic acid, the antibacterial 
action of mandelic acid in concentrations of 1 per cent or less was reversed by 
pantothenic acid (M/106). The activity of higher concentrations of mandelic 
acid was only slightly affected by pantothenic acid ( M / l O O O ) ,  while PABA had 
no effect on the bacteriostatic activity. However, with three strains of E. coli 
which were susceptible to mandelic acid in concentrations of less than 1 per cent, 
White (432) was unable to demonstrate any reversal with pantothenic acid. 

Xielsen (306) observed that the growth-stimulating action of p-alanine 

HzNCHzCHzCOOH HzNCH (CH3)CHsCOOH HzSCHsCHsSO3H 
@-Alanine 6-Aminobutyric acid Taurine 

on yeast mas antagonized by P-aminobutyric acid. In the absence of p-alanine 
this acid had neither growth-promoting nor growth-inhibiting action. Taurine, 
p-hydroxypropionic acid, and P-alanylglycine were inert. The following results 
were obtained by Nielsen and Johansen (309): 

I MLLIGEAMS OF DRY YEAST PEE 100 CC. 

No @-alanine 

11.4  
11 .6  

@-Alanine 1 dl-Sodium pantothenate 
(2 mg./100 cc.) (1 mg./100 cc.) 

1 2 . 2  
15 .6  
17.6 
2 5 . 8  
34.8 

26 .6  
26 .2  
26 .8  
26 .8  
2 6 . 0  

These investigators concluded that P-aminobutyric acid interfered with the 
synthesis of pantothenic acid from p-alanine by yeast cells. They foundisoserine, 
but not N-methyl-palanine, to have a similar action and suggested that the 
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antagonists might actually be converted to inert compounds containing p- 
aniinobutyric acid or isoserine instead of @-alanine. 

The effect of P-aminobutyric acid on the respiration of yeast was studied by 
Hartelius (163). His results were essentially the same as those obtained by 
Sielsen and Johansen (306, 309) in their gron-th studies. The inhibitory effect 
of 0-aminobutyric acid on oxygen consumption was prevented by p-alanine or 
sodium pantothenate. Respiration stimulated by /%alanine was completely 
repressed by a ratio of approximately 1000: 1, but the minimum effective concen- 
tration of pantothenate prevented the action of rarying amounts of the antago- 
nist. These observations also suggested that 0-aminobutyric acid interfered with 
the synthesis rather than with the utilization of pantothenic acid. 

Sarett and Cheldelin (361) investigated the effect of taurine and pantoyl- 
taurine on 17 strains of yeast. Growth was stimulated with either p-alanine or 
pantothenic acid. When p-alanine (0.24.5 y )  stimulated growth, only one strain 
was inhibited 85-90 per cent x-ith 1 mg. of taurine or 2 mg. of pantoyltaurine, all 
the other strains being unaffected by either antagonist. With pantothenic acid 
as the growth stimulant, taurine had no effect on any of the strains, but the 
growth of all of them was inhibited in varying degrees by pantoyltaurine. 

H .  Purines and pyrimidines 
Cell nuclei are composed largely of nucleoproteins, in which are incorporated 

the pyrimidine- and purine-containing nucleic acids. In addition, some of 
these substances in the form of nucleotides function as coenzymes or are an 
important part of other coenzyme molecules. The pyrimidines and purines 
are now recognized as growth stimulants for many microorganisms (243). 

Woods (444, 445) reported that M/100-iM/250 barbituric acid delayed the 
growth of Staph. aureus in a synthetic medium. The addition of uracil (M/5000 
or less) abolished this effect and restored the normal growth rate. These observa- 
tions have been confirmed by Roepke and Jones (347) with E. coli. They also 
found that 2-thiouracil produced an even greater growth inhibition than 

Uracil Barbituric acid 2-Thiouracil 

barbituric acid. The 
effect of 2-thiouracil vas apparent only for relatively short periods of time, 
and high concentrations were somewhat less effective, suggesting that this 
substance might be gradually converted to uracil or otherwise degraded by the 
organisms. 

In both cases uracil prevented the bacteriostatic action. 
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Relatively large amounts of thymine will replace folic acid as a growth stimu- 
lant for certain organisms such as L. casei and Strep. fecalis R (402). Ilitchings, 
Falco, and Sherwood (176) noted that several 5-substituted pyrimidines related 
to thymine, such as uramil and isobarbituric acid, inhibited the growth of L. 
casei stimulated by either thymine or folic acid. Growth could be restored by 
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Thymine Isobarbituric acid 5-Bromouracil 
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increasing the concentration of either metabolite. Other 5-substituted deriva- 
tives, e.g., 5-bromouracil1 completely inhibited thymine-stimulated growth, 
but had no effect, or produced a slight stimulation, when folic acid was used as 
the nutrient. To some extent, the reverse situation was observed with 5-nitro- 
uracil. The authors concluded that the latter results did not fit the concept of 
thymine as a product of an enzyme system involving folic acid as a prosthetic 
group or coenzyme (402). They suggested that the two metabolites might act 
in some fashion as alternatives rather than as two components of an anabolic 
system. 

In a study of the biological effects of benzimidazole, Woolley (447) observed 
that the bacteriostatic action of this substance could be reversed by adenine and 
guanine. The latter was the more active in overcoming the effect of henzimi- 
dazole, while xanthine, hypoxanthine, and adenylic acid were ineffective in this 

SH2 

CH "rg ,, S /\p\ i i  fyK / \\ 
CH 

I \/ N/H I \h - L s k  / H?X,N)-NH 

Benzimidazole Adenine Guanine 
respect. %%en S. cerevisiae FTas the test organism uracil also produced no 
reversal, but with Strep. fecalis R a partial reversal was observed with relatively 
small concentrations of this pyrimidine. All of the organisms tested, both 
yeasts and bacteria, were susceptible to benzimidazole. Woolley prepared 
4-amino~nzimidazole, the benzene analogue of adenine, by reduction of the 
4-nitro derivative. Both of these compounds inhibited growth to about the 
same extent as benzimidazole. 5-Aminobenzimidazole was less effective, and 
the 2-hydroxy derivative showed no bacteriostatic action. 

Roblin, Lampen, English, Cole, and Vaughan (341) synthesized analogues of 
adenine, guanine, hypoxanthine, and xanthine, in the triazolopyrimidine series, 
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in vhich a nitrogen atom replaces a carbon atom of the corresponding purine. 
Of these, the adenine and guanine analogues (I and 11) in particular exhibited 

XHP OH OH OH 

I I1 I11 IV 

a specific antibacterial action. The results obtained with the triazolopyrimidines 
are summarized in table 14. 

When several Al.E.C.'s of these compounds were employed, the growth in- 
hibition of E. coli by compound I was reversed only by adenine and hypoxanthine, 
guanine, xanthine, uracil, cytosine, or thymine being ineffective. Similarly 
with 11, guanine and xanthine were the only substances tested which prevented 
its bacteriostatic action. When barely effective amounts of the analogues were 
tested, the results were less specific in that all four of the purines were more or less 
equivalent as reversing agents. The action of the hypoxanthine analogue (111) 
was apparent for short periods of time only, and again all four purines prevented 
it. No specific antibacterial action could be demonstrated for compound IV. 
In combination with sulfonamides, the guanine analogue produced a synergistic 
effect, so that much less of each was required to produce the same degree of 
bacteriostasis. Kone of the other triazolopyrimidines displayed this effect. 
Sulfonamide-fast organisms were no more resistant to I1 than the parent strains. 

I .  RiboJlawin 

CH2 OH 

HObK 
I 
1 
I 
CH2 

HOCH 

HOCH 

I 

6 ,  'I-Dimethyl-O-(d-l '-ribity1)isoalloxazine 

Riboflavin in the form of coenzymes takes part in a number of enzyme systems 
involved in hydrogen transfer for many important metabolic proteases, including 
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mg. 1100 cc. 

8 

64 

64 

128 

carbohydrate and amino acid metabolism. Two such coenzymes have been 
identified,-a riboflavin phosphate and a riboflavin-adenine-dinucleotide. A 
great many flavin compounds have been synthesized and tested for vitamin 
activity. The substitution of other monosaccharides for d-ribose, in general, 
yielded inactive compounds. Elimination of a methyl group or substitution of 
one methyl by an ethyl group resulted in reduced activity, while absence of both 
methyl groups was accompanied by high toxicity (351). 

On the basis of mixed-crystal formation between methyl- and chloro-sub- 
stituted compounds in the benzene series, Kuhn, Weygand, and Moller (209) 
prepared 6,7-dichloro-9-(d-l’-ribityl)isoalloxazine (dichloroflavin). Although 

mg.1100 cc. 

128 

4 

16 

128 

TABLE 14 
Bacteriostatic activity and molecular inhibition ratios of triazolopyrimidines (34i) 

A 
H 
G 
X 
A 
H 

I COMPOUND 

640 
640 
128 
35 

6400 
6400 

I 

I1 

I11 

I V  

7-.4mino-l-v-triazolo-[d]- 

5-Amino-7-hydroxy-I-u-tri- 

7-Hydroxy-l-v-triazolo-[d]- 

5,7-Dihydroxy-l-u-triazolo- 

pyrimidine 

axolo[d]pyrimidine 

pyrimidine 

[dlpyrimidine 

ANALOGUE OF 

Adenine 

Guanine 

Hypoxanthine 

Xanthine 

M.E.C. INHIBITION’ 

By I Ratio 

* With E. coli: A, adenine; H, hypoxanthine; G, guanine; X ,  xanthine. Ratio indicates 
number of moles of antagonist required t o  prevent visible growth in the presence of one 
mole of purine. 

Ribityl 
1 

6,7-Dichloro-9-(d-l’-ribityl)isoalloxazine 
this analogue possessed no vitamin activity, it was found to be a potent ribo- 
flavin antagonist. With the exception of yeast, the growth of all the organisms 
tested was inhibited by approximately 0.01 mg./cc. The antibacterial action 
was observed both with organisms requiring preformed riboflavin and with bac- 
teria not dependent on an external source of the vitamin. A number of other 
analogues were tested for antiriboflavin action, but none of these possessed more 
than slight activity. Kuhn et al. observed that the reversing action of riboflavin 
on dichloroflavin varied with time. The following ratios were obtained for 50 
per cent of normal growth: 
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days 

RATIO DICHLOROFLAVIN: RIBOFLAVIN 

Slaphylococcus aureus I Streptobacterium p l a n t a r m  

50: 1 
70: 1 

280:l 

28:l 
60: 1 
130: 1 
165: 1 

When the redox potentials of the vitamin and antivitamin were compared, 
it was found that the dihydro derivative of dichloroflavin was a considerably 
weaker reducing agent. At pH 7 the values were: 

6,7-Dichloro-9-(d-l'-ribityl)isoalloxazine Eo = 0.095 volt 
6,7-Dimethy1-9- (d-1'-ribity1)isoalloxazine Eo = 0.185 volt 

Emerson and Tishler (105) reported that isoriboflavin (5 , 6-dimethyl-9- 
(d-1'-ribity1)isoalloxazine) suppressed growth both in riboflavin-deficient rats 
and in animals receiving a suboptimal intake of the vitamin. The growth- 

Ribityl 
I 

Isoriboflavin 

depressing effect of 2 mg. per day of isoriboflavin was almost completely over- 
come by the daily administration of 40 y of riboflavin. 

With L. casei Foster (129) was unable to demonstrate any growth inhibition 
with isoriboflavin, even when it was tested at  100,000 times the concentration of 
riboflavin. In  growth experiments with the same organism the isomer showed 
negligible (less than 0.5 per cent) riboflavin activity. Similar results were ob- 
tained by Sarett (359), m-ho found that 1-ribitylamino-2-amino-4 , 5-dimethyl- 
benzene also possessed only very slight riboflavin activity for the same organism. 

Woolley (448) prepared 2,4-diamino-7 , 8-dimethyl-10-d-ribityl-5,lO-dihydro- 
phenazine, which is also structurally related to riboflavin. This compound in- 

Ribityl 
i 

2 , 4Diamino-7,8-dimethyl-lO-d-ribityl-5, 10-dihydrophenazine 

hibited the growth of L. cusei, while the corresponding dinitro derivative did not. 
The growth inhibition, measured by determining the pH of the culture medium, 
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was prevented by appropriate amounts of riboflavin. Because of the instability 
of the diamino compound, the dinitro derivative was frequently reduced in situ 
with finely divided iron. With one exception, Woolley found that organisms 
not requiring preformed riboflavin for growth were not inhibited by the diamino- 
phenazine. Signs of a riboflavin deficiency (reduced rate of growth, unkempt 
fur, and sometimes hyperirritability) were produced by both the dinitro and 
the diamino derivatives. Sufficient amounts of riboflavin prevented the appear- 
ance of these deficiency signs. 

Sarett (359) reported that lumiflavin had both an inhibitory and a stimulatory 
action on the use of riboflavin for growth by L. casei. In the presence of minimal 

CH3 
I 

Lumiflavin 

amounts of riboflavin, lumiflavin (10-300 7/10 cc.) inhibited growth. AB the 
concentration of riboflavin was increased, however, a zone was reached where 
lumiflavin exerted no effect, and finally with still more metabolite lumiihvin 
showed an augmentative action on growth. 

The effect of galactoflavin (6,7-dimethyl-9-(d-l'-dulcityl)isoalloxazine) on the 
growth and survival of young rats was investigated by Emerson, Wurtz, and 
Johnson (105a). The antagonist was found to suppress the growth and increase 

CH2 OH 
I 
I 
I 
1 

HOCH 
I 

CH2 
I 

HOCH 

HCOH 

HCOH 

Galactoflavin 

the mortality rate of rats on a riboflavin-free diet. Furthermore, the growth of 
animals receiving a normal supplement of the vitamin (40 7) was markedly 
suppressed by the simultaneous administration of 2.16 mg. of galactoflavin. 
Larger quantities of riboflavin almost completely counteracted this effect. 
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J .  Thiamine; cocarboxy~ase 
Like nicotinamide and riboflavin, thiamine is an integral part of a coenzyme 

( 7 3 3  

I 
C=C CH2 CH2 OH CHf* N H 2  

N)CH~-y< \\ 1 
Br 'CH-6 
Thiamine 

of vital importance in cell metabolism (400). Cocarboxylase (the pyrophos- 
phoric acid ester of thiamine), together with its apoenzymel3, catalyzes the 
oxidation of pyruvic acid to acetic acid and carbon dioxide. A number of 
microorganisms require preformed thiamine and, of course, it is well known as a 
vitamin for higher animals. Although many substances chemically related to 
thiamine have been tested for vitamin activity, only a few have been investigated 
as antagonists. 

Robbins (339) studied the effect on fungi of a thiamine isoster, 2-methyl-4- 
amino-5-pyrimidylmethyl(2-methyl-3-~-hydroxyethyl)pyridinium bromide, for 
which Woolley and White (457) proposed the name pyrithiamine. This com- 
pound was first synthesized by Tracy and Elderfield (413). Three species of 

Br 
Pyri t hiamine 

fungi with varying synthetic abilities were employed by Robbins (339). The 
growth of Phytophthora c i n n a m m i ,  which required preformed thiamine, was 
inhibited by pyrithiamine. Thiamine prevented the growth inhibition but the 
pyrimidine and thiazole portions of the thiamine molecule were ineffective in 
this respect. Phthiomorpha gonapodioides, unable to synthesize the pyrimidine 
portion of thiamine, grew well in the presence of small concentrations of pyri- 
thiamine, but higher concentrations were inhibitory. Either thiamine or its 
pyrimidine moiety reversed the growth inhibition, the former being the more 
effective. With Phycomyces Blakesleeanus (able to combine the pyrimidine and 
thiazole portions but unable to synthesize either), no improvement in growth 
was observed with small concentrations of pyrithiamine and an inhibitory effect 
was obtained with larger amounts. Small quantities of pyrithiamine, which did 
not stimulate growth, produced good growth when combined with the thiazole 
portion. Robbins concluded that both of the latter fungi might obtain the 
pyrimidine moiety of thiamine by splitting pyrithiamine. 

t o  as the holoenzyme. 
'*The combination of coenzyme and apoenzyme (specific protein) is frequently referred 

In  this case the holoenzyme is called carboxylase. 
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The relationship between thiamine and pyrithiamine was investigated further 
by Woolley and White (457, 458). In mice, they observed that pyrithiamine 
produced characteristic s i p  of thiamine deficiency. As little as 20 y of pyri- 
thiamine per day eventually produced deficiency symptoms and the death of the 
animals. All of the symptoms could be prevented or cured with appropriate 
amounts of thiamine. 

Woolley and White (458) also studied the effect of pyrithiamine on the growth 
of a number of species of bacteria, yeasts, and fungi. These investigators ob- 
served that organisms requiring preformed thiamine for maximal growth were 
unable to grow in the presence of small amounts of pyrithiamine. Thiamine 
prevented this growth inhibition, one part of the vitamin reversing ten parts of 
pyrithiamine. Strains which required only the pyrimidine or thiazole portions 

TABLE 15 
Inhib i t ion  ratio of pyrithiamine for  various inicrodrganisms (468) 

OBGANISM 

Ceratostomella j tmbriata.  . . . . . . . . . . . . . . . . .  
Ceratostomella pennicillata. . . . . . . . . . . . . . . .  
Phytophthora c innamomi .  . . . . . . . . . . . . . . . . .  
Endomyces vernalis. . . . . . . . . . . . . . . . . . . . . . .  
Mucor ramannianus .  . . . . . . . . . . . . . . . . . . . . .  
Saccharomyces cerevisiae. . . . . . . . . . . . . . . . . .  
Staphylococcus aureus . . . . . . . . . . . . . . . . . . . .  
Salmonella gallinarum. . . . . . . . . . . . . . . . . . . .  
Escherichia col i . .  . . . . . . . . . . . . . . . . . . . . . . . .  
Lactobacillus casei. .  . . . . . . . . . . . . . . . . . . . . . .  
Streptococcus fecalis R. .  . . . . . . . . . . . . . . . . . .  

INHIBITION' BATIO 

7 
10 
12 
130 
800 
800 
2000 
1000 

2,000,000 
5,000 ~ 000 
5,000,000 

THIAMINE BEQUIBEMENT 

Intact thiamine 
Intact thiamine 
Intact thiamine 
Pyrimidine? 
Thiazole1 
Pyrimidine and thiazole 
Pyrimidine and thiazole 
Pyrimidine and thiazole 
Xone 
None 
Tione 

* Half-maximum inhibition. 
t 2-Methyl-4-amino-5-ethoxymethylpyrimidine. 
1 4-Methyl-5-hydroxyethylthiazole. 

of the thiamine molecule were less susceptible. In these cases the inhibition 
ratio was about 1000: 1. With organisms such as E. coli, for which thiamine was 
not a growth stimulant, pyrithiamine appeared to be ineffective even in con- 
centrations 500,000 times as great as the amounts which inhibited the growth of 
sensitive organisms (table 15). The resistance of insusceptible bacteria could 
not be explained on the basis of the amount of thiamine synthesized or the 
production of some other reversing agent by the resistant organisms. 

In a similar investigation with Staph. aureus, Wyss (462) obtained an inhibi- 
tion ratio of pyrithiamine to thiamine of approximately 700: 1 for half-maximum 
growth. He also found that his strain of E.  coli was susceptible to pyrithiamine, 
although in this case the ratio was about 20,000: 1. Wyss reported that non- 
injurious amounts of pyrithiamine failed to produce antibacterial concentrations 
in the blood of mice. 

With a pyrithiamine-fast strain of yeast, Woolley (449) demonstrated that the 
resistance could be explained, at  least in part, by a breakdown of pyrithiamine 
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by the yeast cells to yield the pyrimidine portion (2-methyl-4-amino-5-hydroxy- 
methylpyrimidine) of thiamine. Both the parent yeast and the resistant strain 
could utilize the pyrimidine portion as well as intact thiamine. Since the fast 
strain grew more slowly in the absence of pyrithiamine, Woolley suggested t,hat 
indirectly this antagonist served as a growth factor for the resistant yeast. 
His strain of E. coli also degraded the pyrithiamine molecule, an observation 
which might explain the variation in the susceptibility of different strains of this 
organism. 

Sarett and Cheldelin (360) found that less pyrithiamine was required to inhibit 
the growth of Lactobacillus fermentum and Penicillium digitatum when cocarboxyl- 
ase was used as a growth stimulant than when thiamine was employed. Large 
quantities of 2-methyl-4-aminopyrimidine and 2-methyl-4-amino-5-ethoxy- 
methylpyrimidine also inhibited growth, and again less of either compound was 
required when cocarboxylase was the growth stimulant. The authors suggested 

2-Methyl-4-aminopyridine 2-Methyl-4-amino-5-ethoxymethyl- 
pyrimidine 

that these results indicate that thiamine is attached to its apoenzyme before 
being phosphorylated, and that cocarboxylase formed from thiamine is more 
firmly bound than that formed from added diphosphothiamine. 

Oxythiamine (33), in which the amino group is replaced by hydroxyl, has 
been reported by Soodak and Cerecedo (388) to be toxic to mice on a low- 

CHI 

Oxythiamine 

thiamine diet. It was also found to inhibit the fish principle (enzyme) which 
causes Chastek paralysis by destruction of thiamine. 

The n-butyl homologue of thiamine, 2-n-butyl-4-amino-5-pyrimidylmethyl- 
(2-methyl-3-j3-hydroxyethyl)thiazolium bromide, was shown to possess anti- 
thiamine activity for rats by Emerson and Southn-ick (104a). Deficiency symp- 

P-IY I 

I 
CH-S 

/ \  
Br 
“Butylthiamine” 
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toms such as polyneuritis developed in the animals receiving a diet containing a 
suboptimal level of the vitamin and 2.8 mg. of “butylthiamine”. Control rats 
on the same diet all survived and were free from polyneuritis. Additional 
thiamine counteracted the effect of the butyl homologue in a ratio of approxi- 
mately 40: 1. The authors called attention to previous results indicating that 
the ethyl and n-propyl homologues, particularly the former, possess thiamine 
activity. 

Buchmann, Heegaard, and Bonner (52) observed that the thiazole pyrophos- 
phate portion of the cocarboxylase molecule markedly inhibited the enzymatic 
decarboxylation of pyruvic acid by dried brewer’s yeast. The thiazole moiety 

I II I I  
T I  

,C=CCH2CH, OP OPOH 

‘CH-S OH OH 
N I 

“Thiazole pyrophosphate” 

alone, its monophosphate ester, or sodium pyrophosphate produced no inhibi- 
tion. In the presence of 4 -y of cocarboxylase, 80 y of “thiazole pyrophosphate” 
reduced the amount of carbon dioxide produced to 10 per cent of the control 
value. Buchmann et al. suggested that this inhibition was due to a competition 
between cocarboxylase and “thiazole pyrophosphate” for the specific carboxylase 
protein. To support this interpretation, they showed that if the “thiazole 
pyrophosphate” was added prior to cocarboxylase, the rate of carbon dioxide 
production was lower initially than when the coenzyme and antagonist were 
added simultaneously. 

Sevag, Shelburne, and Mudd (372) reported that sulfathiazole inhibited the 
carboxylase system of Staph. aureus and E. coli to a greater extent than several 
other sulfonamides, including sulfanilamide, sulfapyridine, and sulfadiazine. 
At 0.0055 Jf sulfathiazole produced a 50 per cent inhibition, while with the other 
sulfonamides the inhibition was less than 10 per cent. The authors considered 
that the presence of the thiazole ring in sulfathiazole might account for the 
greater inhibition produced by this compound. In some cases the results ap- 
peared to correlate with the relative bacteriostatic action of the sulfonamides, 
although sulfamerazine had no effect on the carboxylase system. 

In later studies, Sevag and coworkers (369, 370, 373) found that the partial 
inhibition of yeast or Staph. aureus carboxylase by sulfathiazole could be partly 
overcome with cocarboxylase. With dried brewer’s yeast, for example, 0.0055 
M sulfathiazole produced a 25 per cent inhibition which mas 44 per cent reversed 
by 6.8 X lo-’ M cocarboxylase (373). p-Aminobenzoic acid (PABA) also 
inhibited the carboxylase system of Staph. aureus and of E. coli. Even so, under 
some conditions PABA prevented the inhibition of the carboxylase of the same 
organisms by sulfathiazole (369). Neopeptone counteracted the inhibitory 
effect of sulfanilamide on E. coli carboxylase, but showed no effect on PABA 
inhibition (370). Sevag and associates considered these results to provide 
additional evidence for the hypothesis that the mode of action of sulfanilamide- 
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type compounds could be explained most readily on the basis of their effect on 
the respiratory enzymes. They pointed out that in their experiments PABA 
behaved like an inhibitor of catalysis and not like a catalyst. 

During a study of the enzymatic nature of the fish principle which destroys 
thiamine, Sealock and Goodland (365) found that 3-(o-aminobenzyl)-4-methyl- 
thiaeolium chloride (70) inhibited the breakdown of thiamine in vitro. Several 

C Hs 

I 
3 - (o-Amin obenzyl) -4-me t hylthiazolium chloride 

other thiazolium chloride derivatives less closely related structurally to thiamine 
were found to be only partly inhibitory or inactive, whereas I in 0.0005 M con- 
centration completely prevented the destruction of an equal amount of 
thiamine14. Sealock and Goodland demonstrated that the extent of the in- 
hibition of thiamine destruction was dependent on the ratio of the vitamin to the 
inhibitor. By use of the Lineweaver-Burk method, they showed that the 
benzylthiazolium compounds specifically inhibited thiamine destruction by 
competing with the vitamin for the enzyme. Calculation of the Michaelis 
constants indicated that the inhibitor compound combined somewhat more 
firmly with the fish principle than did thiamine. 

K .  Thyroxine 
The active principle of the thyroid gland controls the metabolic rate of higher 

animals, and probably affects all tissue cells. Under the stimulus of the thyro- 
tropic hormone of the anterior pituitary, thyroid hormone may be formed 
directly by the iodination of a polypeptide. Another possibility is the produc- 
tion of thyroxine through the iodination of tyrosine followed by a combination 
of two molecules of 3,5-diiodotyrosine as indicated (157, 158): 

T T 

1 1 I 

"2 

Thyroxine 
"In this case, of course, the benzylthiazolium derivative (I) cannot be regarded as an 

antagonist of thiamine function, although future studies may show it to  have such an 
action. 
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Overactivity of the thyroid gland in man results in hyperthyroidism, and much 
of the interest in thyroxine antagonists has been due to their application to the 
treatment of this condition (14, 174, 435). Sumerous substances, mostly of 
biological origin, have been reported to inactivate the thyroid hormone or to 
suppress its formation in the thyroid gland (322). However, with the exception 
of those which are neutralized by iodine, no clear evidence regarding their 
action in relation to thyroxine has been advanced. Consequently, only sub- 
stances of known structure which appear to inhibit the synthesis of thyroxine 
are covered in this review. 

During a nutritional study with sulfaguanidine, Mackenzie, Mackenzie, and 
McCollum (271) observed a marked enlargement of the thyroid glands of rats 
receiving 1 or 2 per cent of sulfaguanidine in a purified diet. Striking histo- 
logical changes in the glands were also found. The effects on the thyroid were 
not prevented by p-aminobenzoic acid or yeast. Richter and Clisby (337) 
noted a similar hyperplasia of the thyroid in rats fed phenylthiourea. They 
suggested that the hyperactive picture of the thyroid gland might result from 
the efforts of the animals to compensate for the reduction of metabolism produced 
by this substance. An attempt to isolate the goitrogenic substance present in 
rape seed led Kennedy (194) to study allylthiourea. He found that small 
(20 mg.) daily doses of this compound for eight weeks caused a three- to four-fold 
increase in the weight of the thyroid gland of rats. 

Following up their earlier observations, Mackenzie and Mackensie (269, 
270) reported that, in addition to sulfaguanidine, a number of other sulfonamides 
as well as thiourea and several of its derivatives produced an enlargement of the 
thyroid glands of rats, mice, and dogs. The basal metabolic rate of rats receiving 
sulfaguanidine was reduced to -20 per cent. Sodium iodide was ineffective 
in preventing these effects, but small amounts of thyroxine or desiccated thyroid 
entirely prevented the thyroid enlargement and histologic changes. After 
removal of the thyroid gland, sulfaguanidine did not further depress the basal 
metabolic rates nor inhibit the response to small doses of thyroxine. Hypo- 
physectomy likewise eliminated the thyroid alteration produced by the drug. 
On the basis of this evidence, the Mackensies (270) concluded that the sulfon- 
amides and thioureas probably exerted a depressing influence primarily on the 
functional activity (thyroxine formation) of the thyroid, and that thyroid 
enlargement was a reflection of increased pituitary activity resulting from this 
depression. Table 16 summarizes some of the results obtained with active 
compounds. 

A number of other substances, most of rhich were inactive, were also investi- 
gated for antithyroid action (270). N4-Benzylsulfanilamide, in which the aro- 
matic amino group is substituted, was practically inactive. Similarly, desamino- 
sulfamethyldiazine was inert, although the parent compound with the amino 
group present showed activity. p-Aminobenzoic acid also showed a slight 
effect. In contrast to thiourea and its diethyl and allyl derivatives, acetyl- 
thiourea and thioacetamide were reported to be inactive, as mere urea and 
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Sulfanilamide ............................ 
Sulfathiazole.. . . . . . . . . . . . . . . . . . .  
Sulfapyridine. . . . . . . . .  
Sulfapyridine. . . . . . . . .  

Thiourea. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Thiourea. . . . . . .  . . . . . . . . . . . . . . . . . .  
Diethylthiourea. . . . . . . . . . . . .  
Allylthiourea . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

phenylurea. Negative results were also obtained with cystine, cysteine, 
guanidine carbonate, sulfanilic acid, sulfonal, thiamine, and sodium and am- 
monium thiocyanates. 

Astwood, Sullivan, Bissell, and Tyslowitz (19), after a very similar inde- 
pendent study, reached the same conclusions as Mackenzie and Mackenzie 
(270) regarding the mode of action of several sulfonamides and thiourea. They 
listed the compounds investigated in the following order of decreasing anti- 
thyroid activity : thiourea, sulfadiazine, sulfapyridine, sulfathiazole, sulfa- 
guanidine, sulfanilylurea, sulfanilamide, and N4-s~~~iny l s~ l f a th i az~ le .  Not only 
was the goitrogenic action of sulfaguanidine completely prevented by desiccated 
thyroid powder, but the drug also had no influence on the toxic or calorigenic 

1 
1.5 
1 
1 
0.75 
0.75 
0.05 
0.5 
1 
0 . 5  

TABLE 16 

Efect of various compounds on the thyroid of young rats ($70) 

COXPOVNI)  1 PEP CENT IN DIET DAYS ON DIET 

58 
14 
14 
21 
45 
45 
14 
14 
28 
14 
50 

THYROID WEIGHT 

mg./lOa g. 

14.0 
12.5 
12.0 
29.0 
47.0 
25.0 
13.0 
37.4 
26.4 
16.4 
8* 

* Approximate value. 

action of thyroid hormone in normal or hypophysectomized rats. Astwood and 
coworkers concluded that the compounds under investigation acted by inter- 
fering with the synthesis of thyroid hormone. The sequence of events was 
considered to be as follows: 

“Shortly after the drug is administered, the organism becomes unable to synthesize 
thyroid hormone at a normal rate, and the quantity of circulating hormone tends to  fall. 
In response to  this deficit an excess of thyrotropin is produced by the pituitary which stimu- 
lates the thyroid to hyperplasia and to  the release of the normal thyroid hormone stored 
therein. Within 48 hours of the first administration of the drug these compensatory 
changes are histologically visible, and for a number of days this mechanism is adequate to  
maintain the metabolic rate a t  a normal level. Eventually, however, the store of normal 
thyroid hormone is exhausted, as evidenced by a complete loss of demonstrable colloid a t  
the end of 7 to 10 days, and as new hormone can be made only a t  a reduced rate, the meta- 
bolic rate falls even though the thyroid hyperplasia is still advancing. The variable 
period observed to be required before the metabolic rate falls may be related to environ- 
mental or other factors which alter the thyroid hormone requirement and thus the time 
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necessary to  deplete the normal stores. The actual level of hypometabolism reached under 
the influence of the drug may depend upon the degree to which the process of thyroid hor- 
mone synthesis is hindered, and may depend upon the dose and upon the efficiency of the 
compound in question.” 

A large number of compounds were investigated for antithyroid activity by 
Astwood (15), who found that the active substances fell into two general classes, 
compounds with the thioureylene grouping (--NH-C-XH-) and certain 

II 
S 

derivatives of aniline. The most potent compounds belonged to the former 
class. Of these, 2-thiouracil and 5,5-diethy1-2-thiobarbituric acid16 were the 
most active. Some of the data on a selected group of the thiourea derivatives 
tested are recorded in table 17. The antithyroid activity mas graded as + to + + + + on the basis of the microscopic appearance of the thyroid glands after 
administration of the substances for 10 days in the food or drinking water. 

In general, alkyl and aryl derivatives were not more active than thiourea 
itself, and most of them were more toxic, although sym-diethylthiourea was an 
exception. Substituted 2-thiohydantoins were more potent than thiourea but 
also considerably more toxic. 2-Aminothiazole also possessed some activity. 
Several other 5-substituted barbituric acids tested were less effective than the 
5,5-diethyl derivative. In addition to the sulfonamides, a group of other 
aniline derivatives was studied. The 0 ,  m, and p-aminobenzoic acids, p-amino- 
acetanilide, and p-aminophenylacetic acid showed varying degrees of effective- 
ness, but with the exception of the sulfonamides none of the other aniline 
derivatives tested was active. Inorganic thiocyanates produced enlargement of 
the thyroid glands on prolonged administration; however, this effect wm com- 
pletely prevented by iodide. A large group of inactive compounds related to 
the active types was also reported by Astwood (15). These included uracil and 
several other pyrimidines, benzoic and p-nitrobenzoic acids, tyrosine, benzene 
and p-toluenesulfonamide, 3,5-diiodo-4-hydroxybenzoic acid, and a number 
of organic sulfur compounds. -4s a working hypothesis it was suggested that 
the active aniline derivatives acted through a competitive mechanism with the 
enzyme system responsible for the conversion of diiodotyrosine to thyroxine. 
The thiourea derivatives were considered as possible specific inhibitors of the 
same system. 

Chapman (62) compared the antithyroid activity of 6-methy1-2-thiouracd 
with that of the parent compound and reported that the former was at  least as 
active as thiouracil. Higgins (172) investigated the action of 2-sulfanilyl-5- 
aminothiazole (promizole), which he found to  resemble thiourea and some of the 
sulfanilamides in its effect on thyroid activity. The decrease in metabolic rate 

‘&This compound was originally reported as 2-thiobarbituric acid but a subsequent 
investigation by Astwood, Bissell, and Hughes (Endocrinology 36, 72 (1945)) indicated 
an  error in labeling, and 2-thiobarbituric acid was fouud to be inactive. 
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TABLE 17 

Antithyroid activity of derivatives of thiourea (fb) 

C O ~ O U N D  

Thiourea. . . . . . . . . . . . . . . . . . . . . . .  

Methylthiourea.. . . . . . . . . . . . . . . .  

Thiosemicarbazide . . . . . . . . . . . . . .  

Acetylthiourea ................. 

Allylthiourea . . . . . . . . . . . . . . . . . . .  

Guanylthiourea . . . . . . . . . . . . . . . . .  

sym-Diethylthiourea. . . . . . . . . . . .  

Phenylthiourea. . . . . . . . . . . . . . . . .  

sym-Diphenylthiourea. . . . . . . . . .  

Methylisothiourea sulfate . . . . . .  

1-Acetyl-2-thiohydantoin . . . . . .  

FORMULA 

~~ ~ 

S 

HzNCNH2 

S 

II 

II 
HzNCNHCHs 

S 
I1 

II I I  

HzNCNHKHz 

s o  
HzNCNHCCHs 

S 
II 

HzNCNHCsH6 

S NH 
II II 

H~NCNHCNHZ 

S 

C2HfiHNCNHC2Hs 
II 

S 
II 

HzNCNHCeHs 

; 
CsHdNHCNHCeHs 

(HN=C (S CHa) "1) 2 HzSOi 

s o  
ll II 

N (GO CHs) CNHCCHz 
L A  

AVERAGE 
DOSE' 

2 .1  
13.1 

4.6 
44.4 

5.1 

4.0 
13.0 

2.1 
4.9 

5.1 

0.6 
2.5 

2.5 

530 

11.1 

3 .O 
9.7 

ACTIVITY 

+ ++++ 
++ ++++ 

+ 

+ +++ 

+ +++ 

- 

+ +++ 

- 

++ 
++ 

+ +++ 
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TABLE 17-Continued 
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COMPOUND 

5-Benzal-2-thiohydantoin . . . . .  

2-Thiocyanuric acid . . . . . . . . . . . .  

2-Thiouracil. . . . . . . . . . . . . . . . . . . .  

5,5-Diethyl-2-thiobarbituric acid 

FOEMULA 

HNCNHCC=CHCsHi - 
s o 0  

HNCNHCNHC 
II II u - 
s o  
II II 

HNCNHCCH=CH 
IJ 

s o  0 

AVERAGE 
DOSE' 

1 .3  
16.5 

30 .O 

0.6 
2.3 
3.6 

0.6 
3.6 

17.2 

ACTIVITY 

+ ++++ 

- 

+ ++ ++++ 

+ ++ ++++ 
*Milligrams per 100 g. of body weight per day in food or drinking water. 

H 

s-c c=o 
HN CH 

\C/ 
I 

(N\ 

I I  

1 

CH, 

6-Methyl-2-thiouracil 2-Sulfanilyl-5-aminothiazole 

and other changes induced by promieole could be prevented by thyroxine and 
desiccated thyroid but not by sodium iodide. 

In a subsequent study, Astwood, Bissell, and Hughes (16, 18) examined an 
additional group of over two hundred compounds. An improved method of 
assay (17), based on the weight and total iodine content of the thyroid glands 
of rats, was employed. Although not entirely satisfactory, this methodper- 
mitted a somewhat more accurate comparison of the compounds. Thiouracil 
was assigned an arbitrary antithyroid activity of 1.0, and the relative activities 
of a representative group of organic thio compounds were listed as follows 
(16): 
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~ 

COMPOUND 

NH, 
/ 

s - C  

NHz 

N (CHa)n 

\ 
Thiourea, . . . . . . . . . . . .  

/ 
S=C 

N(CHa)z 
\ 

Tetramethylthiourea . 

2-Mercaptoimidazole. 

2-Aminothiazole. . . . . .  
N-CH2 

HS-C / / I  
\ I  

S-CHI 
2-Mercaptothiazoline. 

N-CHe 

HS-C / I  \ I  
0-CHI 

2-Mercaptooxazoline. 

. .  

. .  

. .  

3LATIVE ACTIVIT' 
~IOUPACIL = 1.0 

0.1 

0 . 3  

1.5 

0 . 1  

1 .3  

0.2 

COKPOUND 

N-K 

NH-CH 

N-x 
3-Mercapto-l,2,4-triazole 

2-Mercapto-5-amino-l,3,4- 
thiadiaeole . . . . . . . . . . . . . .  

K-CHz 
/ / \  
\ /HZ 

HS-C 

S-CHz 
2-Mercapto-5,6-dihydro- 

?THI 
1,3,4-thiazine. . . . . . . . . . . .  

/ 
S=C 

s=c 
SCHa 

\ 
Methyl N ,  N-dimethyl- 

dithiocarbamate. . . . . . . . . .  
SH-CO 

CH, 
/ \  s=c 
\ /  

S-CHI 
Propiorhodanine . . . . . . . . . . .  

ELATIVE ACTIVITY 
moupA~L - 1.0) 

0.3 

1.6 

0.1 

<0.01 

I 

<0.01 

<0.01 

Substitution of all four hydrogens in thiourea increased activity, although a 
tautomeric equilibrium between the thio and mercapto forms of this compound 
is impossible16. Isothioureas were ineffective, but incorporation of the sulfur 

l6Presumably tetramethylthiourea can still exist in resonance forms similar to thiourea: 
e.g., + + 

" I  N (CHa) I 

and -S-C 
// 
\ 

// 
\ 

-s-c 
K (CHd I NHz 

and both compounds react readily with iodine (295). 
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atom in a heterocyclic ring (e.g., 2-aminothiazole) did not abolish activity. 
The large number of inactive thio compounds investigated suggested that this 
grouping alone could not account for antithyroid activity. In the Z-thiobarbi- 
turic acid series it was found that active compounds mere obtained only when 
both hydrogens in the 5-position were replaced. The dimethyl derivative was 
about one-tenth as active as thiouracil, while 5,5-diethy1-2-thiobarbituric acid 
was the most potent member of this series (antithyroid activity = 1.7). 

Of all the compounds tested by Astwood et al. (18), the most effective ones 
were found among the alkyl derivatives of thiouracil synthesized by Anderson, 
Halverstadt, Miller, and Roblin (11). In this series, also, a great variation in 

TABLE 18 
The relative antithyroid activity of various substituted thiouracils (18) 

NH-GO 

R R' 

-H 
-H 
-H 
-H 
--CzHs 
-CsH?(n) 
-CaHo(n) 
-CHsC,Hs 
-CsHj 
-C& 
-H 
-H 
-CFJ 
--"2 

ACTIVITY 

1.0 
3.5 
2.0 
0.6 
8.0 

11.0 
3 . 0  

10.0 
1.0 
2.0 

<0.001 
<o.  001 
<0.01 
<0.001 

activity with changes in structure was observed, the introduction of highly 
polar groups reducing the antithyroid action practically to zero. Some of the 
results obtained with this group of compounds are recorded in table 18. 

A group of 56 compounds was tested for antithyroid activity by McGmty and 
Bywater (248). A number of these were also tested by Astwood et al. (18), and 
in general the results of the two studies were in good agreement. Thiourea and 
substituted thioureas were less active than thiouracil. Of the substituted 
thiouracils, the 4-methyl derivative appeared to be slightly more active than the 
parent compound, while the N-phenyl derivative showed only slight activity. 
Using a somewhat different method of assay and a different base line (thiouracil 
= loo), McGinty and Bywater found the antithyroid activity of 2-mercapto- 
thiazoline t o  be 131, 2-mercaptobenzimidazole 116, and 2-mercaptopyridine 
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23. They pointed out 
compounds, as follows: 

" 
/A/ '\ 
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an interesting analogy between open-chain and ring 

w /=s \ 

H*N 

oj-c=s \ -NH 

Phenylthiourea (14) 2-Mercaptobenzimidazole (1 16) 

S NH 0 S NH 0 
\ /  \ /  c c  \ /  \ /  c C 

Propionylthiourea (14) Thiouracil (100) 

It was suggested (248) that the higher antithyroid activity (values given in 
parentheses) of the cyclic compounds in each case might be due to their tendency 
to  exist primarily in the mercapto form. 

Bywater, McGinty, and Jenesel (56) prepared and studied a series of 2- 
mercaptobenzimidazoles and 2-mercaptoimidazolines. None of the derivatives 
in either group was as active as the parent compound. The substitution of 
halogens, alkoxy1 groups, or alkyl groups reduced the antithyroid action of the 
former compound. Similarly, replacing the mercapto group by an amino 
lowered the activity from 116 to  6. 

N-N 
II II 
\ /  

HzNC CSH 

S 
2-Mercapto-5-amino-l , 3,4-thiadiasole 

McGinty and Bywater (248a) also examined the antithyroid action of a 
number of sulfones and related compounds. Alkyl and unsubstituted phenyl 
sulfones were devoid of activity, whereas p-aminophenyl sulfones possessed 
some degree of action. Promisole was the most active of the sulfones, although 
the corresponding sulfide was slightly more effective. Most active of the com- 
pounds studied was the unsubstituted mercapto compound, 2-mercapto-5- 
amino-l13,4-thiadiazole, with an antithyroid activity of 156. 

Several series of thio compounds were investigated by Williams and Frame 
(435a). These investigators reported that no goitrogenic effect was exerted 
by a number of miscellaneous non-thiourea sulfur compounds, isothioureas, and 
thioureas in which the sulfur atom was incorporated in ring structures. N- 
Substitution of thiourea also reduced or abolished activity in most cases. The 
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most active compounds studied were listed in the following tentative order of 
decreasing effectiveness : 6-methylthioureacil, thiouracil, o-phenylenethiourea, 
5-methylthiouracil, ?-benzylthiouracil, 6-phenylthiouracil, tetramethylthiourea, 
diethylthiourea, and thiourea. 

Numerous studies attempting to define more exactly the mechanism of action 
of these types of antithyroid compounds have been made. In  reviewing this 
aspect of the work, Astwood (16) indicated that, beyond an interference with 
the synthesis of thyroxine, a more precise explanation involved considerable 
speculation. The lack of understanding of the natural mechanism of thyroxine 
formation has been a limiting factor in these studies. The oxidation of iodide to 
iodine, which is presumably a prerequisite to  the formation of organic iodine, 
requires an oxidizing system of relatively high potential, such as a peroxidase and 
hydrogen peroxide (16). Dempsey (81) presented histochemical evidence indi- 
cating that fine granules in the thyroid cells contain a peroxidase which is in- 
hibited by dilute solutions of thiouracil. However, Glock (143) was unable to  
isolate a peroxidase from thyroid tissue by chemical methods. Employing redox 
indicators, De Robertis and Gonqalves (83) reported that the oxidation-reduction 
potential of the normal thyroid cell was above $0.050 volt, while that of the 
colloid was about -0.20 volt. In  activated cells the colloid potential rose to  the 
same level as that of the cells (+0.050 volt). Thiourea (M/200) lowered the 
potential of both the cells and the colloid of the activated gland to -0.20 volt. 
On the other hand, sulfanilamide did not affect the normal oxidation-reduction 
potential of the thyroid cells. 

Franklin and Chaikoff (131, 132) investigated the effects of various sulfon- 
amides on the in vitro conversion of inorganic iodide to  diiodotyrosine and 
thyroxine by surviving thyroid tissue slices with the aid of radioactive iodide. 
They found that the sulfonamides (lO”M) inhibited the conversion, and that the 
degree of inhibition was related to  the concentration of sulfonamide. On the 
other hand, sulfanilamide did not appreciably depress the iodine-concentrating 
capacity of surviving thyroid slices. Similar in vitro results using radioactive 
iodide were obtained with thiourea and thiouracil (133), although several groups 
of investigators (77, 134, 195, 334) reported that these antithyroid compounds 
markedly inhibit the accumulation of radioactive iodide by the thyroid gland 
in vivo. Miller, Anderson, Madison, and Salley (294) have sounded a word of 
warning concerning the interpretation of studies with radioactive iodide. These 
investigators observed a rapid exchange, under certain conditions, between 
radioactive iodide or iodine and diiodotyrosine. 

Both thiourea and thiouracil have been reported to  decrease greatly the iodine 
content of the thyroid (17,30), but McGinty (247) found that the thyroid glands 
of animals receiving thiouracil were still capable of concentrating some iodine 
from large doses of potassium iodide. In the presence of the drug, however, the 
accumulated iodine was water soluble and did not appear to  be converted to  
thyroid hormone. 

Campbell, Landgrebe, and Morgan (57) suggested that the antithyroid activ- 
ity of thiourea might be due to  its well-known reactivity toward iodine. On this 
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basis, the iodine formed in the thyroid would react so rapidly with thiourea that 
it would not be available for conversion to diiodotyrosine and thyroxine. The 
same concept was examined experimentally by Miller, Roblin, and Astwood 
(295) with respect to  thiouracil and other thio compounds. It was found that in 
neutral buffered solutions thiouracil reacted almost instantaneously with one 
equivalent of iodine to form a disulfide which could be isolated in almost quanti- 
tative yields as the disodium salt. Tyrosine and casein could not be iodinated 
in the presence of thiouracil, but sulfonamides reacted with iodine more slowly 
than tyrosine and the action of these compounds could not be accounted for by 
this mechanism. 

L. Vitamin K; prothrombin 
A number of 1,4-naphthoquinones, the simplest of which is the 2-methyl 

derivative, restore normal prothrombin levels in animals on a vitamin K-de- 
ficient diet. Since the prothrombin concentration (which affects blood coagula- 
tion) is reduced in this deficiency, it is generally assumed that the K vitamins 
are involved in the formation of prothrombin (351). 

When Stahmann, Huebner, and Link (392) found that 3,3’-methylenebis- 
(4-hydroxycoumarin), dicumarol, was the hemorrhagic agent in spoiled sweet 
clover hay which increased prothrombin time, the action of this anticoagulant 
was investigated from the standpoint of vitamin K antagonism. Link (234) 
and Quick (329) have reviewed the present evidence on this subject. While 
the results are not unequivocal, the effect of small single doses of dicumarol 
appears to be prevented by 2-methyl-l,4-naphthoquinone (50, 79, 228, 314, 
374), or vitamin K1 oxide (80, 244). The mechanism of action of dicumarol 
is not entirely clear a t  present, and it is quite possible that the majority of known 
anticoagulants might better be classified primarily as prothrombin antagonists. 
Available evidence suggests that dicumarol inhibits the synthesis of prothrombin 
perhaps by interfering with the utilization of the K vitamins, rather than by any 
direct action on prothrombin (329). 

Witts (438) pointed to  a basic similarity between the structures of 2-methyl- 
1,4-naphthoquinone and 4-hydroxycoumarin and suggested that dicumarol 
might act by interfering with the utilization of vitamin K by the liver. 

0 o 0 0 

c=o $--b c=o o=c 
\ \o/ ‘ 0  @CH3 3 \ 4 \o/ @ CH2 0 ‘ V  

II 
0 

2-Methyl-l , 4- 4-Hydroxycoumarin Dicumarol (keto form) 
napththoquinone (keto form) 

Meunier and Mentzer (289) also called attention to  these structural relation- 
ships and reported that they were able to  prevent completely the effects of 
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dicumarol by repeated daily doses of 2-methyl-1 ,Cnaphthoquinone. They also 
reported that 4-hydroxycoumarin and 3-methylchromone possessed a slight 
antihemorrhagic and vitamin K-like action. The methylxanthines-theophyl- 

0 

3-Methylchromone 

line, theobromine, and caffeine-have been found by Field, Larsen, Spero, and 
Link (120) to decrease prothrombin time and counteract the hypopro- 
thrombinemic action of dicumarol. However, Quick (329a) was unable to  
confirm these observations in rabbits and dogs. 

In vitamin K-deficient chicks Glavind and Jansen (142) showed that there 
was a quantitative relationship between the metabolite and dicumarol. The 
proportions of the two substances could be adjusted so that the rate of prothrom- 
bin formation was unaffected by either. With the smallest active doses of the 
vitamin the r a t b  was 200-500:1, but the lack of constancy of this ratio pre- 
cluded the possibility of a simple stoichiometric relationship. It was suggested 
that dicumarol might exert a specific toxic effect on prothrombin formation in 
the liver, which was compensated by the stimulating effect of vitamin K. 

Overman, Stahmann, Huebner, Sullivan, Spero, Doherty, Ikawa, Graf, 
Roseman, and Link (313) have summarized their extensive studies on the 
relation of structure to anticoagulant activity among compounds of the 4- 
hydroxycoumarin type. On the basis of a single oral dose assay, they concluded 
that 3,3’-methylenebis(4-hydroxycoumarin) was the most potent member of 
this class of substances. Replacement of a hydrogen of the methylene group 
by an alkyl or aryl group as indicated in formula I lowered activity more or less 
in relation to  the size of the group. 

I I1 
Jensen and Jensen (189), Lehmann (227), and F a d  (116) reported the ethyl- 

idene derivative (R = CH3) equal t o  or less active than dicumarol. Overman 
et aZ. (313) investigated a large series of compounds of type I. The first two 
members of the series, the ethylidene and propylidene derivatives, were about 
one-third as active as dicumarol, while longer chains, phenyl or carboxyl groups, 
decreased the activity still more. Replacement of the methylene group by a 
sulfur atom reduced the activity to & that of dicumarol. Monoesters and 
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glucosides immediately formed the inactive anhydrides (11) on neutralization. 
Substitution of the methylene carbon atom facilitated anhydride forma.tion, and 
might have accounted for the decrease in anticoagulant activity of type I com- 
pounds. 

Another group of substances studied by Overman and his associates (313) 
was that of the 3-substituted-4-hydroxycoumarins (111). The methyl derivative 
of this type has been described as inactive or slightly anticoagulant by several 
investigators (116, 189,227,313), although Meunier and Mentzer (289) reported 
the compound to  have slight vitamin K activity. In general, Overman et al. 

OH OH 

I11 IV 

(313) found that compounds of type 111, when R was alkyl, possessed very low 
anticoagulant action. When R was cyano, bromo, nitro, or oximino, the deriva- 
tives were inactive. However, the presence of a benzene ring and a ketone in 
the R group increased the effectiveness, so that 3-(a-phenyl-P-acetylethyl)-4- 
hydroxycoumarin (IV) was a as active as dicumarol. 

The diesters, ethers, and acetals of 3 , 3'-methylenebis(4-hydroxycoumarin) 
investigated by Overman et al. (313) showed a lower degree of activity than the 
parent substance. It was suggested that these compounds owed their action 
to  an in vivo breakdown to dicumarol. Substitution of the benzene ring with 
methyl, bromo, or hydroxyl groups destroyed the activity in practically every 
case. 

Several compounds structurally related to dicumarol were investigated by 
Mentzer, Meunier, Buu Hoi, and Cagniant (288, 290). The sulfur analogue 
(V) was reported to be & as effective, while the corresponding derivative in 

OH OH OH OH 

V 
3 , 3'-Methylenebis(4-hydroxy- 

1-thiocoumarin) 
0 0 

VI 
3,3'-Methylenebis(4-hydroxy- 

2-quinolone) 
0 0 

()$cH;@ 0 0 

VI1 VI11 
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which the oxygen atoms were replaced by KH’s to form a quinolone derivative 
(VI) was about 8~ as active as dicumarol. In view of the vitamin K activity 
of 3-methylchromone and phthiocol, these investigators also prepared 3 , 3’- 
methylenebischromone (VII) and 3 , 3‘-rnethylenebis(Shydroxy-l,4-naphtho- 
quinone) (VIII). The former possessed about 8% the activity of the’parent 
compound; the latter -&, but the action was of short duration. 

Jansen and Jensen (189) and Overman et al. (313) studied other compounds 
related to dicumarol, such as methylenebis (tetronic acid) (IX), 3,3’-methylene- 
bis (4-hydroxy-6-methyl-cu-pyrone), and 2,2’-methylenebis (indanedione) (X) . 

OH OH OH OH 

C 
I 1 I 
C 

I 

C 
\ t o  Hz C 1 I CH2 a’> C-CHa-C 

/ b-CH2-Cy \\ 

C 
\\ ,c=oo=c \ /’ 

0 0 
II 
0 

II 
0 

IX X 
None of these compounds was an anticoagulant. Similarly, 3,3’-methylene- 
bis(coumarin) was inactive, although coumarin itself showed a trace of activity 
(3 13). Degradation products of 3,3’-methylenebis (4-hydroxycoumarin) were 
also without anticoagulant action (189, 313). Overman et al. (313) concluded 
that the minimum structural requirements in this series are an intact 4-hydroxy- 
coumarin residue with the 3-position substituted by a hydrogen atom or a carbon 
residue. Every compound fulfilling these requirements appeared to have some 
activity. 

When added to blood or plasma in vitro, dicumarol does not affect clotting 
power (58), and its action in experimental animals is detectable onlyafter alapse 
of 12 to 24 hr. (315). These facts led Link, Overman, Sullivan, Huebner, and 
Scheel (235) to suggest that 3,3’-methylenebis(4-hydroxycoumarin) might 
undergo a chemical change in the animal body before it becomes active. Since 
salicylic acid can be obtained from dicumarol in vitro in practically quantitative 
yields (392), and of all the compounds studied by Overman et al. (313) only 
those which could yield salicylic acid had anticoagulant action, Link and his 
aasociates (235) studied the effect of this acid on prothrombin time. They found 
that single doses of salicylic acid produced an increase in the prothrombin time 
of rats maintained on a basal artificial ration low in vitamin K. This anticoagu- 
lant action, like that produced by dicumarol, could be prevented by K vitamins 
and 2-methyl-l,4-naphthoquinone. The activity of salicylic acid was less 
marked than that of the same amount of dicumarol, and the effect of the K vita- 
m i n s  on the action of the former was much more pronounced. 

Rapoport, Wing, and Guest (332) observed that methyl salicylate produced a 
severe degree of hypoprothrombinemia in rabbits but not in dogs. In rheumatic 
fever patients receiving salicylic acid or its acetyl derivative, they observed a 
marked prolongation of the prothrombin time. 
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Lester (229) w r a s  unable to detect salicylates in the urine of rats receiving 
dicumarol. He also pointed out that this anticoagulant was 25-100 times aa 
effective as salicylic acid, and much more vitamin K was required to prevent 
its action. Link (234) has suggested that the failure to find the degradation 
product might not be conclusive, since when salicylic acid mas administered to  
animals only part of it could be recovered in the urine. 

A series of indanedione derivatives of type XI was studied by Kabat, Stohl- 
man, and Smith (192). They found that when R was isobutyl or a-naphthyl, 

0 

XI  

the compounds exerted a marked effect on the prothrombin time of rabbits. 
Large doses of vitamin K had a t  best only a very slight effect on the hypopro- 
thrombinemia produced by the isobutyl derivative. When R waa ethyl the 
activity of the product was lower, but the tert-butyl derivative was the most 
active of the group studied-approximately equivalent to  dicumarol. Kabat 
et al. considered it unlikely that these indandiones could be degraded to salicylic 
acid in vivo. They also reported that dibenzoylmethane produced a slight hypo- 
prothrombinemia, although it also probably could not be metabolized to  salicylic 
acid in the body. 

M .  Miscellaneous antagonists 
Numerous other cases of metabolite antagonists have been reported in addi- 

tion to those reviewed in the preceding sections. In some instances the number 
of these studies is too limited to be set apart in separate sections. Other cases 
are of questionable significance, with respect to either the specificity of the an- 
tagonism or the identification of the reversing substance as an essential metabo- 
lite. Some of these investigations, which fall more or less within the scope of 
this review, have been grouped together in this section. It is obviously im- 
probable, however, that all of the substances reported to prevent the biological 
activity of the diamidines or antimalarials such ft9 quinine and quinacrine are 
directly related to  their mode of action (cf. Section IV). 

McIlwain (253) found that the growth of bacteria such as E. coli and Strep. 
hemolyticus, inhibited by acriflavine or proflavine, could be restored by two types 
of substances not normally required preformed by the organisms. The first of 
these was yeast nucleic acid and related substances, such as adenylic acid and 
cozymase. Yeast nucleic acid was the most effective reversing agent and 
showed a direct relationship between concentration and effect. The formation 
of insoluble complexes or salts between proflavine and yeast nucleic acid or 
adenylic acid waa demonstrated. As in the reversal experiments, an excess of 
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2,8-Diaminoacridine 2 ,8-Diamino-lO-methylacridinium 
(proflavine) chloride (acriflavine) 

nucleic acid was required, suggesting partial dissociation of the salt. Substances 
of the second type included a mixture of amino acids which was active only over 
a limited range of acriflavine concentrations. In  the presence of this group of 
substances, but not in their absence, synthetic hydrogen carriers such as methyl- 
ene blue and riboflavin were effective in further restoring growth. McIlwain 
considered that the acridine derivatives deprived the organism of the me of 
certain enzymes or metabolites so that their requirements became more exacting 
than normal. He suggested that the antibacterial action was due to  the com- 
bination with and inactivation of enzyme systems of which the nucleotides were 
essential parts. The amino acids were regarded as substrates or products some 
of which could be replaced by hydrogen carriers. 

Similar results were obtained by Martin and Fisher (281), who showed that 
the bacteriostatic action of proflavine toward Staph. aurew was prevented by 
adenylic acid and cosymase as well as yeast nucleic acid. No insoluble com- 
plexes were formed between proflavine and adenylic acid in saturated aqueous 
solutions. A number of metabolic intermediates associated with these sub- 
stances, such as succinic, lactic, pyruvic, and acetic acids, were also reported 
to  interfere with the action of proflavine. 

Fitzgerald, Babbitt, and Lee (127, 128) studied the effect of various substances 
upon the lytic action of bacteriophage on E. coli. Of the many types of com- 
pounds investigated, 2-amino-5-(p-aminophenyl)acridinium chloride (Phosphine 
GRN), acriflavine, and other acridines were the most active in this respect. AI- 

c1 
/ \  

H 
2-Amino-5-(p-aminophenyl)acridinium chloride 

though these derivatives inhibited bacterial growth as well, it was possible to 
demonstrate marked inhibition of phage multiplication at  concentrations of 
Phosphine GRN which were only slightly bacteriostatic. Moreover, other types 
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p H  = 6.8 p H  = 1.5 --- 
810 1000 
285 641 
690 810 
580 590 
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of substances at equally bacteriostatic concentrations failed to prevent the lysis 
of E. coli. It was concluded that the acridines might interfere with some 
mechanism essential for the reproduction of bacteriophage. Further investiga- 
tion (128) established the fact that the antiphage effect could be counteracted 
by yeast nucleic acid. Numerous other substances tested (including vitamins, 
amino acids, and purines) failed to affect the action of the acridines. The specific 
nature of the effect of nucleic acid was suggested by studies with acridine- 
resistant E. coli. Strains of this organism made resistant to several of the 
acridines were still equally susceptible to lysis by bacteriophage. However, the 
Phosphine GRN-resistant organism was not lysed under the same conditions 
(i.e., absence of acridine derivative) except in the presence of 10,000 times as 
large an infecting dose of phage. The presence of nucleic acid again rendered 
this resistant strain as susceptible to lysis as the original parent strain. Loss of 
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resistance to Phosphine GRN, brought about by many serial passages in a drug- 
free medium, resulted in the return of normal phage susceptibility. 

By a comprehensive investigation of over 100 acridine derivatives, Albert, 
Rubbo, Goldacre, Davey, and Stone (9) demonstrated that the compounds 
which were 75 per cent or more dissociated at pH 7.3 showed a much greater 
bacteriostatic activity at that pH than the weak bases. Over a range of hydro- 
gen-ion concentrations in which the degree of ionization of the strong bases did 
not vary appreciably there was as much as a 100,000-fold change in their mini- 
mum effective concentrations. On the other hand, the antibacterial action of 
the weakly basic acridines did not change greatly with pH. At low pH values 
(5.4), where all the compounds were practically completely dissociated, both 
strong and weak bases were essentially equally active. But under conditions 
of unequal ionization (i.e., at pH 7.3) the activity appeared to be determined by 
the concentration of cations. Moreover, from pH 5.7 to 8.3, where the hydrogen- 
ion concentration varies over 400-fold, the ratio of acridine to hydrogen ions 
was relatively constant (table 19). The authors concluded that their results 
suggested a competition between acridine ions and hydrogen ions for the same 
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position on a bacterial enzyme surface. They assumed that this position was 
probably an ionized acidic group, the formation of weakly ionized complexes 
with the acridine ions inactivating the acidic group in the enzyme. 

Combining the knowledge that microorganisms require traces of several metals 

8-Hydroxyquinoline 

for growth and that 8-hydroxyquinoline forms undissociated metal complexes, 
with the known fungistatic action of this compound, Zentmyer (471) reasoned 
that its effect might be due to a combination nith essential metallic ions. Since 
complex formation does not occur much below pH 3.5, he first demonstrated 
that the fungistatic action vias a function of pH, no effect being observed a t  low 
pH values. Zinc was found to be the most important trace element for several 
fungi, and with these organisms it FTas shown that the fungistatic action of 
8-hydroxyquinoline could be prevented by 1-2 molar equivalents of zinc. With 
smaller ratios partial growth was obtained, while increasing concentrations of 
the fungicide were required to inhibit growth in the presence of increasing con- 
centrations of zinc. The author suggested that a zinc-protein enzyme system 
might be involved, and demonstrated that other substances which form chelate 
inner complex salts with metals, such as ammonium nitrosophenyl hydroxylamine 
(Cupferron), also possess fungistatic activity. 

Sjlverman and Evans (376, 377) observed that various substances, including 
spermidine, spermine, trimethylenetetramine, and pantothenic acid, prevented 

CHOHCH- 

Quinacrine Quinine 

the antibacterial action of quinacrine against E. coli. The lesser bacteriostatic 
action of quinine was also relieved by spermidine. Of the polyamines, spermine 
was active at a somewhat higher dilution, but spermidine was less toxic to the 
bacteria. With several soil organisms, it was found that spermidine failed to 
reverse the action of quinacrine against highly susceptible organisms with exact- 
ing growth requirements. However, where the degree of susceptibility to quin- 
acrine and the growth requirements were similar to those of E. coli, spermidine 
prevented the bacteriostatic effect. The authors suggested that spermidine 
might be an essential metabolite for certain bacteria and that the antibacterial 
action of quinacrine was due to a competitive inhibition. They were unable to 
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isolate spermine or spermidine from E. coli, a result attributed to the minute 
amounts which might be present. The ability of thiamine, riboflavin, panto- 
thenic acid, glutathione, and nicotinic acid to reverse the action of quinacrine was 
not considered to be due to specific metabolic effects, since the relative amounts 
required were much greater 

Snell (382) studied the effect, of several polyamines (spermidine, trimethylene- 
tetramine, and tetramethylenepentamine) on the antibacterial action of propami- 

H2 K NH2 

Propamidine 

dine for L. casei and Strep. fecalis R. With the former organism only tri- 
methylenetetramine was effective in preventing bacteriostasis a t  less than 
growth-inhibitory concentrations. For the latter, spermidine was the most 
efficient in restoring growth inhibited by propamidine, This effect of the 
polyamines was evident only over a limited range, and with other bacteria such as 
L. arabinosus, which was susceptible to propamidine only at high concentration, 
no amount of any of the polyamines was capable of reversing the antibacterial 
action. 

A detailed study of the reversing action of spermine and spermidine was 
carried out by Miller and Peters (291). They found that the growth-inhibitory 
action of M/10,000 quinacrine on E. coli in a synthetic medium was never com- 
pletely reversed by these substances. Growth could be restored to 50 per cent 
of normal with 2 molar equivalents of spermine or 5 molar equivalents of sper- 
midine. Putrescine was ineffective as a reversing agent. Although the poly- 
amines produced a slight growth stimulation, it appeared to be too small to  
account for the results. In a complex medium less spermine was required to 
produce the same degree of reversal. The quinacrine side chain (l-diethylamino- 
4-aminopentane) showed no effect in either medium. With propamidine 
(M/10,000) in a synthetic medium spermine was able to restore growth com- 
pletely in a ratio of 1: 10, while a t  1 : 1 grotyth was 50 per cent of normal. The 
authors concluded that spermine and spermidine were probably not acting as 
essential metabolites because of the high ratios involved. 

Other substances have also been reported to prevent the antibacterial action 
of various diamidines and antimalarials. Thus, Elson (102) found that the 
bacteriostatic action of propamidine on staphylococci and coli could be prevented 
by lecithin. Baker, Harrison, and Miller (22) had previously demonstrated a 
similar effect of lecithins toward various cationic and anionic detergents. Bi- 
chowsky (37) noted that the growth-inhibitory effect of 4,4’-diamidinostilbene 
and 4,4‘-diamidinodiphenoxypentane on several microorganisms could be abol- 
ished by relatively high concentrations of yeast or animal sodium nucleate. A 
number of simple substances tested, including adenylic acid, purines, and amino 
acids, were without effect. It was suggested that the diamidines might act on 
living cells by combining with the nucleoproteins. 

Elson (103) suggested that many of the preceding results might be interpreted 
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as a competitive adsorption between propamidine or other basic antibacterial 
agents and relatively non-toxic cations, such as the phospholipids and naturally 
occurring polyamines as well as hydrogen ions, for critical anionic positions on 
the bacterial cell. Similar considerations were applied to basic dyes by the 
Stearns (401) and later by Albert and coworkers (6, 7, 9) and Valko and DuBois 
(416) to other cationic antibacterial agents. It was pointed out by Elson that 
the protective effect of phosphate ions and nucleic acid might result from the 
formation of weakly dissociated salts which, in effect, reduced the concentration 
of toxic cations. 

The relation between quinacrine, quinine, propamidine, methylene blue, and 
riboflavin was examined by Madinaveitia (273), who found that riboflavin pre- 
vented the bacteriostatic action of all the other substances when L. casei was the 
test organism. Johnson and Lewin (190) also found that the growth-inhibitory 
action of quinine on E. coli, exhibited over a narrow range of concentration, was 
reversed by riboflavin as well as by crude cozymase. The latter was the more 
effective reversing agent, and the authors pointed out that the results were con- 
sistent with the view that the effects of quinine on growth and viability might 
result in part from either a competition or loose combination with cozymase. 
In vivo, Seeler (366) reported that pyridoxine almost completely prevented the 
antimalarial activity of minimal doses of quinine and quinacrine in blood-induced 
P. lophurae infections in ducks. He suggested the possibility that a competition 
between the antimalarials and a pyridoxine-like compound for a position in some 
enzyme system of the parasite might explain this phenomenon. 

The production of a scurvy-like condition in mice and cotton rats fed gluco- 
ascorbic acid (2,3-enediol-d-glucoheptono-l , 4-lactone) in a purified diet was 
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described by Woolley and Krampitz (455). The harmful action of this substance 
was not prevented by large amounts of ascorbic acid. However, fresh cabbage 
or dried grass was effective in counteracting the condition. When 10 per cent 
of glucoascorbic acid was incorporated in the diet of mice, the resulting symptoms 
(failure to grow, diarrhea, and hemorrhage) were fatal within two weeks. A 
majority of the animals survived a 5 per cent diet and eventually showed a 
gradual return to  normal. Closely related substances, such as sodium arabo- 
ascorbate, did not produce the scurvy-like condition. Unlike mice and cotton 
rats, which synthesize ascorbic acid, guinea pigs require the preformed vitamin. 
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In these animals, Woolley (450) found that glucoascorbic acid produced a 
scurvy-like condition which could be prevented by suitable quantities of ascorbic 
acid. He concluded that the results in guinea pigs suggested that the condition 
could be regarded as an ascorbic acid deficiency in all the animals. 

These results were not confirmed by Banerjee and Elvehjem (24), employing 
rats, chicks, or guinea pigs. Ascorbic acid itself was found to produce similar 
but less severe symptoms in rats. No hemorrhages were observed, and it was 
suggested that the failure to grow might be due to the diarrhea. Vitamin C-free 
liver powder, 2 per cent, with 10 per cent of either glucoascorbic or ascorbic acid 
allowed normal growth, although the rats showed moderate diarrhea. Similar 
results were obtained with both chicks and guinea pigs. The authors suggested 
that the unfavorable effects of glucoascorbic acid might be due, in part, to a 
modification of the intestinal flora resulting in a deficiency in some factor other 
than vitamin C which is present in liver powder. 

McIlwain (258) investigated the interference of various naphthoquinones and 
anthraquinones with the bacteriostatic action of iodinin and phenazine di-N- 
oxide. He found that t,he growth-inhibitory action of the latter substances on 
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streptococci was prevented by relatively small amounts of quinizarin or 2-methyl- 
1 ,4-naphthoquinone. The interaction between this latter substance and iodinin 
appeared to be competitive. A destruction of the N-oxides occurred, probably 
by reduction. As no interaction between iodinin and the quinones occurred in 
the absence of the organisms, McIlwain concluded that the quinones must have 
participated to some degree in their metabolism. Although this result could be 
explained equally well as a function of hydrogen transport, he felt that the 
structural similarity between the N-oxides and quinones suggested that the two 
classes of compounds functioned a t  common sites in the organism and that the 
action of iodinin might be due to its inhibition of systems normally concerned 
with such quinones. 

Woolley (453) reported that the administration of a-tocopherol quinone to 
pregnant mice produced symptoms resembling in some respects an a-tocopherol 
(vitamin E) deficiency. However, a-tocopherol acetate failed to prevent these 
symptoms. In addition to the death and resorption of the embryos, excessive 
vaginal bleeding was observed in the pregnant mice receiving a-tocopherol 
quinone. The administration of vitamin K1 overcame both the hemorrhage 
and the resorption. Equal doses of a-tocopherol quinone were without toxic 
effects on non-pregnant mice, and the compound did not appear to affect the 
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Vitamin KI 
prothrombin time of any of the animals. Since other vitamin K antagonists 
(q.u. )  such as dicumarol failed to  produce fetal resorption, Woolley concluded 
that a-tocopherol quinone bore an antagonistic relationship to both vitamin E 
and vitamin K. 

The growth-inhibitory action of 2,3-dichloronaphthoquinone on various 

0 

0 
2,3-Dichloro-l,4-naphthoquinone 

microorganisms waa examined by Woolley (453a). With organisms such as 
Saccharomyces cerevisiae and Endomyces vernalis, 2-methyl-1 ,4-naphthoquinone 
or vitamin K1 prevented the growth inhibition. Over a limited range of concen- 
trations a competitive inhibition appeared to be involved. With other organisms 
2-methyl-l,4-naphthoquinone was found to inhibit growth in the same range of 
concentrations as the dichloro derivative. Consequently, in these cases no 
reversal could be demonstrated. No vitamin K deficiency could be demon- 
strated in mice fed purified diets containing 2,3-dichloronaphthoquinone. 

IV. GENERAL CONSIDERATIONS 

This review covers a diversified group of antagonists whose physiological 
actions vary from an effect on the growth of microorganisms to the prevention 
of a muscular contraction induced by histamine or an influence on the clotting 
time of blood. The following discussion represents an effort to correlate these 
apparently unrelated effects on the basis of an underlying similarity in the 
antagonistic mechanisms involved. 
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A .  Types  of antagonism 
Direct antagonists may act by interfering with either the synthesis or the 

utilization (function) of a metabolite. When synthesis is affected, the minimum 
concentration of metabolite which prevents the action of the antagonist is 
effective against any concentration of the latter. For example, the minimum 
daily requirements of thyroxine are effective in preventing the action of any 

GROWTH I 

I 2 

LOG. CONC. ANTAGONIST 
FIG. 3. Different types of antagonism represented by isobol (lines which express condi- 

tions giving equal effects; logarithmic scales to base IO). Gaddum (137). 

reasonable amount of thiouracil which interferes with its synthesis (19, 270). 
On the other hand, when a substance affects the utilization or function of a 
metabolite, a more or less constant ratio usually exists between antagonist and 
metabolite over a wide range of concentrations. This relationship haa been 
observed in numerous cases, such aa the inhibition ratio between sulfanilamide 
and p-aminobenzoic acid (443). As a composite illustration, p-aminobutyric 
acid inhibits the growth of yeast by interfering with the utilization of @-alanine 
for the synthesis of pantothenic acid (309). In this case, varying the concen- 
tration of @-aminobutyric acid results in a change in the degree of growth inhibi- 
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tion in the presence of a normally adequate amount of @-alanine. But the 
minimum effective concentration of pantothenic acid completely prevents the 
action of any amount of the antagonist. These generalizations hold, provided 
amounts which act specifically are not exceeded, for almost any substance will 
have a non-specific poisoning action on cells if present in sufficiently high con- 
centrations. The differentiation in t2ypes of antagonism has been expressed 
diagrammatically (137) in relation to bacterial growth, as illustrated in figure 3. 

In the isobol ABC there is no indication of direct antagonism. Here, increas- 
ing the concentration of antagonist results in undiminished growth until a t  B, 
growth is inhibited. However, increasing the concentration of metabolite at 
this point does not restore growth. D represents competitive inhibition of the 
utilization of a metabolite, where a graded response occurs over a wide range 
of concentrations. This isobol is drawn through points giving the same degree 
of growth and shows the more or less constant ratio involved in this type of 
antagonism. EFG indicates that the antagonist affects the synthesis of the 
metabolite, so that a t  point F increasing the concentration of antagonist no longer 
affects growth. 

Because of the complex and intimate relationships among metabolites in living 
cells, the distinction between interference with synthesis and interference with 
utilization can only be applied at a particular stage in any metabolic reaction. 
A substance which interferes with the utilization of p-aminobenzoic acid, for 
example, probably in turn blocks the synthesis of a more complex metabolite 
from it. Consequently, more than one metabolite may frequently be found to 
reverse the biological activity of an antagonist, but only one should show a 
constant ratio Tvith the antagonist. The sequence in the biochemical synthesis 
of a complex metabolite E may be represented as follows: 

A + B 7 C ;  C S D 2 . E  

Under certain conditions, an antagonist blocking reaction 1 by a competitive 
inhibition of the utilization of A to form C could be reversed not only by addi- 
tional A but also to some extent by B, which would displace reaction 1 toward C ,  
and by D, tending to make up for a deficiency of C in reaction 2. Finally, the 
presence of E should eliminate the requirement for C altogether, unless this sub- 
stance also served other metabolic functions or the cell was unable to  utilize 
preformed E. A combination of t no  antagonists, one of which blocked reaction 1 
and the other reaction 2, should be very efficient in preventing the formation of E. 
There is also the possibility of the existence of another metabolite El, able to  
take over the function of E. This metabolite could then supply an alternative 
independent route to the same metabolic end point, and so overcome the action 
of an antagonist which blocked reaction 1 or 2. Under these circumstances, 
however, there would be no direct relationship between the antagonist and E. 
It is evident that unless the biochemical or physiological relationships are known, 
it is frequently difficult to establish direct antagonisms in the absence of a 
competitive inhibition. 
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B. Mechanisms of action 
Direct antagonism involving either the synthesis or the utilization of a metabo- 

lite may be due to any one of the following mechanisms: ( I )  salt or complex 
formation; (a) chemical reaction, forming an inactive product; (3) oxidation of a 
metabolite required in the reduced form, or vice versa; (4)  competitive inhibition 
of an enzyme or tissue receptor associated with a metabolite by a structurally 
related antagonist. 

It is interesting to compare the classification of enzyme inhibitors (153) with 
those drawn from the fields of pharmacology (69) and chemotherapy (122) which 
form the basis for the present scheme (cf. Section 11). As indicated in the 
Introduction, not all direct antagonists are structurally related to the affected 
metabolite. However, it is also apparent that the greatest degree of specificity 
is probably associated with this type of antagonism. In fact, the preceding 
classification falls more or less in the order of increasing specificity, which is of 
primary importance to antagonistic mechanisms in living cells. 

Salt or complex formation is likely to be relatively non-specific, except in 
certain instances where an antagonist forms a specific insoluble or undissociated 
complex nith a metabolite such as one of the essential trace metals. More 
frequently, the antagonists which act by this mechanism are organic acids or 
bases or heavy metals which form salts with metabolites of opposite charge. 
For example, the antibacterial action of the organic bases may be represented as 
a simple double decomposition reaction as indicated : 

MCOOH + BC1 $ MCOOB + HC1 
11 11 

Bf + C1- MCOO- + B+ 

In this equation M represents the residue of an acidic metabolite and B+ the 
cation of an organic base, the action of which depends on the dissociation con- 
stants of BC1 and MCOOB. Since there are numerous acidic and basic metabo- 
lites, including proteins, the problem of determining the specific metabolite 
involved is frequently gratuitous. Several different metabolites may be found 
to reverse the same antagonist (cf. Section III ,M), and relatively non-toxic ions 
of the same or opposite charge which are not metabolites have been shown to 
act in the same manner (416). Many instances of the so-called “interference 
phenomenon” (460) or chemotherapeutic interference (125) can probably be 
explained by a mechanism similar to that demonstrated for the protective action 
of relatively non-toxic ions (416). Consequently, in most cases of antagonisms 
involving salt formation, it can only be concluded that a competition for hydro- 
gen or hydroxyl ions (ion exchange) is involved. 

Antagonists which combine chemically with metabolites to form inactive 
products, and those which affect oxidation-reduction systems, form an inter- 
mediate group with respect to their specificity of action. In the former category, 
the effects may sometimes be limited to a particular chemical grouping such as 
the mercapto group (cf. Section 111,D). Since there are numerous -SH-con- 
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tainiig essential metabolites, however, it is usually not possible to demonstrate 
complete specificity. Nevertheless, the action of trivalent arsenicals and some 
of the antibiotics like clavicin can be explained most readily through their inac- 
tivation of vital mercapto groups. On the other hand, any antagonist which 
reacts with mercapto compounds may be reversed by metabolites containing 
this grouping, whether or not this mechanism explains its biological activity, 
and regardless of whether the -SH compounds are actually metabolites. As a 
result, special care should be taken in interpreting the observations with highly 
reactive substances such as penicillin. All substances which inactivate this 
antibiotic obviously cannot form the basis for an explanation of its mode of 
action. To a considerable extent this type of difficulty is inherent in all mecha- 
nisms involving a chemical reaction, although this approach may be of value in 
certain cases when the metabolite contains unique chemical groupings. Other- 
wise, the effects are frequently too non-specific to  be of general interest in living 
cells. 

Many oxidizing agents have antibacterial activity which is relatively non- 
specific with respect to the affected metabolite. Within narrow limits of poten- 
tial, it is possible that more specific effects involving an oxidation or reduction 
mechanism may be found. For example, although the mechanism of action of 
thiouracil is not well understood at  present, it is evident that an oxidation of 
iodide ion to organic iodine is essential for the synthesis of thyroxine. By 
reducing any free iodine as rapidly as it is formed, thiouracil may effectively 
prevent the formation of organic iodine (295). It is also possible, of course, 
that thiouracil inhibits an enzyme system associated with the conversion of 
iodide ion to organic iodine by some other mechanism. In any event, it is 
evident that in the absence of any apparent structural relationship, a highly 
specific action on the synthesis of thyroxine is found in the thiouracil-type 
compounds. 

Under different circumstances, the same type of antagonist, e.g., heavy metals, 
may act through divergent mechanisms. For instance, auric ions can form 
insoluble salts with acidic metabolites or essential -SH groups, but they can 
also oxidize the latter to inactive disulfides. Consequently, depending on the 
conditions, the mechanism of action of gold salts may involve salt formation or 
oxidation. 

The action of all of the foregoing types of antagonists appears to involve a 
competitive mechanism. Thus, the formation of undissociated salts may be 
regarded as a competition for hydrogen or hydroxyl ions; the arsenicals may 
compete for vital mercapto groups; and possibly thiouracil competes with a 
metabolite for iodine. In all cases a definite ratio can usually be demonstrated, 
although the range of concentrations for thiouracil is rather narrow (16), owing 
possibly to  the limited oxidative capacity of the thyroid gland. 

The distinguishing feature of the other class of competitive antagonists- 
namely, the close structural relationship between antagonist and metabolite- 
probably accounts for the high degree of specificity associated with their bio- 
logical activity. This specificity allows the isolation of a single metabolic 
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process which might otherwise be impossible under the complex conditions occur- 
ring in living cells. 

The mechanism underlying the action of antagonists structurally related to  
metabolites is based on studies with isolated enzyme systems (cf. Section 11,A). 
Similar phenomena are found in the cross-reactions and the effect of haptens 
in the field of immunology (217, 276). The metabolite and antagonist are 
assumed to compete for an active center or receptor in which there are polar 
groups oriented in such a manner as to  exert a strong, speciftc attractive force 
on the metabolite. These forces, involving both primary and secondary valen- 
cies, are probably similar to  those postulated for immunological reactions (317). 
Because of the similarity in the nature and steric configuration of the active 
groupings of the metabolite and the antagonist, both are presumably attracted 
to  the same active center, but the antagonist is unable to carry out the normal 
physiological function of the metabolite because of slight differences in one of 
the essential groupings. 

FIG. 4. Antibody cavities specific to 0-, m-, and p-azophenylarsonic acid haptenic groups, 
(Scale drawings with circumferential contours corresponding to  close fit; respectively. 

radial dilatation in increments of 0.2 ik.) Pauling and Pressman (317). 

While the exact nature of the active centers or receptors is unknom-n, they may 
be pictured as cavities in a complex molecule similar to those suggested for 
hapten groupings in antibody molecules (figure 4). If one assumes that super- 
imposed on steric configuration there are polar groups at appropriate points 
which bind the metabolite to the surface of the cavity, the high degree of speci- 
ficity of both metabolite and antagonist can be accounted for. 

The relative attractive forces operating between the metabolite and the active 
centers, compared with the attraction of the antagonist to the active centers, 
will determine the efficiency of the antagonist. This efficiency is reflected in the 
molar inhibition ratio between antagonist and metabolite. With few exceptions, 
these ratios are greater than unity, because the firmness of the binding of the 
metabolite to the receptor is usually greater than the binding between the an- 
tagonist and the receptor. 

From pharmacological studies with acetylcholine and epinephrine Gaddum 
(136) has shown that the quantitative data for many competitive antagonisms 
can be interpreted by a simple equation. If M is the concentration of metabo- 
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lite, and A the concentration of antagonist competing for the same receptors, 
and m and a the corresponding proportions of the receptors occupied by each, 
so that (1 - m - a )  is the proportion of free receptors, then for equilibrium: 

K1iM(l - m - a )  = m, and KzA(l - m - a )  = a 

Eliminating a gives : 

m 
l - m  KIM = (1 + K2A)-  

When A = 0, this expression becomes the simple mass action equilibrium. 
Equation 1 is applicable so long as the reaction is of the first order. Actually, 
in certain cases the reaction does not appear to be of the first order, although this 
observation may be related to the complexity of these phenomena in living 
cells (137). 

Table 20 illustrates a number of examples of structurally related competitive 
metabolite antagonists which act as growth inhibitors. It is doubtful, however, 
that one should conclude from such results that substituting the same groupings 
in other metabolites will lead to  competitive antagonists in all cases. For in- 
stance, although replacing the sulfur atom in methionine by oxygen produces a 
competitive antagonist (341), a corresponding change in the biotin molecule re- 
sults in a compound, oxybiotin, with the same type of biological activity as biotin 

0 
II 

/ \  
C 

NH HN 
I 
CH 

1 
HC- 

Oxybiotin 

itself (95,178, 178a, 323a, 357,358). Similarly, the replacement of the carboxyl 
group in anthranilic acid by a sulfonic acid group leads to an inert compound 
with respect to the antagonism of anthranilic acid (381). The evidence drawn 
from more extensive studies with isolated enzymes also suggests that each system 
may exhibit its own peculiarities, and structural changes which produce effective 
antagonists for one system may not produce the same results in another case. 

C .  Applications and conclusions 
The intimate relation of enzymes to life processes makes them the logical 

starting point for a discussion of the application of antagonists in living cells. 
Wherever possible, the study of antagonists with isolated enzyme systems should 
simplify many of the problems encountered under more complex conditions. It 
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cannot be arbitrarily concluded, however, that because substances inhibit cer- 
tain enzymes they function by the same mechanisms in living cells. 

The examples in table 1 (Section 11) indicate a few of the numerous inhibitors 
which have been studied with isolated enzymes. Unfortunately, many of the 
enzymes involved in the utilization of simple metabolites are unknown, particu- 
larly those associated with anabolic reactions. This situation led Kuhn et al. 
(210) to reverse the usual procedure and calculate the dissociation constant of 
the hypothetical enzyme associated with the utilization of pantothenic acid 
from data obtained with living cells. Such an application may be somewhat 
speculative in nature, but it illustrates the versatility of the metabolite antago- 
nist approach. 

A number of respiratory enzymes have been studied extensively, and the 
relation of the simple metabolites to the holoenzymes established. These sys- 
tems are frequently vital to all cells so that, from the chemotherapeutic point of 
view, antagonists affecting respiratory processes appear to offer fewer possibili- 
ties because of their potential toxicity. The rapidly fatal effect of pyrithiamine 
for higher animals (457) demonstrates the toxic action of this antagonist in 
mammalian cells dependent on an external source of thiamine. On the other 
hand, much valuable information in the fields of animal and bacterial nutrition 
can be obtained with this type of antagonist. 

Because the rate of growth and of multiplication of host cells is probably 
much slower than that of pathogenic organisms, antagonists which affect ana- 
bolic reactions seem to offer greater promise as chemotherapeutic agents. The 
sulfanilamides are, in all likelihood, an outstanding example of this type of 
antagonism. The arsenicals, on the other hand, probably 0T-e their lower toxic- 
ity to the host to the fact that they are concentrated in the invading parasites 
(166, 467). 

One of the complicating factors in the application of metabolite antagonists 
to chemotherapy is the presence of too high a concentration of some metabolites 
in the body fluids and tissues of higher animals and man. This difficulty w&s 
encountered by McIlwain and Hawking (264), who were able to protect rats but 
not mice from experimental streptococcic infections with pantoyltaurine because 
of the loxver concentration of pantothenic acid in the body fluids of rats. In any 
case, the pharmacological properties of pantoyltaurine would probably limit its 
usefulness as a chemotherapeutic agent. However, other pantothenic acid 
antagonists have been found which are highly effective in mice (433, 437) and 
may prove to be of value in chemotherapy, As Welch (428) pointed out, the 
study of antagonists of metabolites which occur only in minute amounts in body 
fluids is most likely to lead to practical applications in chemotherapy. 

There is also another phenomenon which is of theoretical interest and at the 
same time limits the application of competitive inhibitions of bacterial growth 
to  chemotherapy; that is, the susceptibility of various organisms to antagonists 
of metabolites required preformed, compared with those which they are capable 
of synthesizing. In several instances, such as p-aminobenzoic acid and purine 
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antagonist,s, the growth of practically all microorganisms appears to be inhibited 
regardless of their requirements. Antagonists of other metabolites, e.g., biotin, 
pantothenic acid, and thiamine, seem to inhibit the growth of only those organ- 
isms which require the preformed metabolite. Analogous observations have 
been made with isolated enzyme systems (cf. table l ) ,  and the explanation may 
rest on a difference in the manner in which various organisms utiliiz the particu- 
lar metabolite. A simpler explanation can be based on the observation that 
certain closely related analogues may actually serve a4 intermediates or be 
degraded to yield intermediates which can be utilized by the organisms for the 
synthesis of the metabolite. Under these circumstances, only organisms lacking 
the synthetic ability can be expected to be semitive to this type of antagonist. 
Evidence for this explanation has been presented for biotin sulfone (86) and 
desthiobiotin (87, 408a), p-nitrobenzoic acid (292), pantoyltaurine (394), and 
pyrithiamine (339, 449). 

The pharmacological action of several drugs has been accounted for on the 
basis of enzyme inhibitions (Section 11), and antagonists have been found which 
block the action of acetylcholine, epinephrine, and histamine in isolated tissues 
or intact animals. Clark (69) explained the action of direct antagonists on the 
basis of a union with specific receptors. Similarly, Thimann (412) suggested 
that the action of many local anesthetics such as procaine and cocaine might 
be due to their structural resemblance to acetylcholine. He assumed that nerve 
stimulation is brought about by a combination of acetylcholine with receptors, 
which may resemble the active centers of enzymes. By competing with the 
metabolite for the receptors, the local anesthetics are assumed to  block the nerve 
stimulation and so produce anesthesia. Both procaine (165) and dibutoline 
(320) have been shown to prevent acetylcholine-induced contractions in certain 
types of muscle tissue.17 

Procaine Dibutoline 

The relation of structure to pharmacological action is sometimes complicated 
by the observation that different members of a closely related series produce 
opposite pharmacological effects. This enigma may be resolved in certain of 
those cases which involve the antagonism of a metabolite normally destroyed by 
an enzyme system. If the drugs act both as direct antagonists and as enzyme 
inhibitors, the net effect of any member of the group will depend on its pre- 
dominant action. Thus, the primary effect of one substance, AI, may be to 

17Using leech muscle, Hazard, Corteggiani, and Pelou (167a) did not observe any an- 
In fact, the local anesthetic appeared to sensitize tagonism of acetylcholine wit.h procaine. 

the muacle to  acetylcholine. 
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inhibit the enzyme system which destroys the metabolite. Because it protects 
the metabolite from destruction, its action mill be like that of the metabolite. 
But the predominant effect of another member of the series, Af ,  may be a direct 
antagonism of the metabolite so that its pharmacological action will be the 
opposite of AI. 

It should be emphasized again that antagonisms in isolated tissues or intact 
animals may be exceedingly complex. For instance, ephedrine in certain cams 
enhances the action of epinephrine, presumably by decreasing the rate of hor- 
mone destruction (138), but under the same conditions higher concentrations 
of ephedrine are antagonistic (362). The antagonistic effect of ergotoxine toward 
the action of epinephrine on the rabbit’s ileum is very pronounced, but it does 
not noticeably affect the latter’s action on the rabbit’s colon (69). Atropine, 
an acetylcholine antagonist, also counteracts some of the actions of epinephrine. 
Moreover, epinephrine and acetylcholine themselves can produce opposite effects 
in the same tissue, and so neutralize each other. Finally, the antagonists are 
usually not without some pharmacological activity of their own. Thus, diverse 
tissues may respond differently to the same stimulus, and one may assume that 
variations in the pattern of receptors determine both the type and intensity 
of pharmacological response and antagonistic action (69). 

The mechanisms of action of all drugs obviously cannot be explained on the 
basis of a direct antagonism. Nevertheless, it is apparent that simple enzymatic 
reactions, the growth of microijrganisms, and the function or response of various 
tissues may be antagonized by mechanisms which are strikingly similar. Con- 
sequently, it may not be unreasonable to assume that this resemblance is more 
than superficial and that, for example, the inhibitory action of malonic acid on 
succinic dehydrogenase, the antibacterial action of pantoyltaurine, and the 
antagonistic effect of trimethyloctylammonium chloride toward the action of 
acetylcholine on smooth muscle are closely related phenomena. In each case 
the antagonist appears to compete with the metabolite for an active center or 
receptor and in so doing block the normal reaction, whether it be the oxidation 
of succinic acid, the growth of a microorganism dependent on pantothenic acid, 
or the contraction of a muscle under the stimulus of acetylcholine. 

Since in many respects it is a relatively new and rapidly developing field, it 
is not possible to assess all the implications inherent in the broad concept of 
metabolite antagonists. However, as an approach to the mechanism of action 
of a number of drugs, aa a guide in the synthesis of new therapeutic agents, and 
as a means of evaluating the normal mode of synthesis and function of metabo- 
lites in living cells, the concept appears to offer many posaibilitim as yet un- 
explored. 

It is a pleasure to acknowledge my indebtedness to my wife and to many of 
the members of the Chemotherapy Division in these Laboratories for their 
assistance in reading and criticizing various parts of this manuscript and for 
their help and encouragement during its preparation. 
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