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At the outset it is to be understood that the above title refers primarily to the
antibacterial action of agents capable of being introduced into the animal body,
which have the property of inhibiting or killing the bacteria therein without
causing comparable harm to the host. It is apparent that, with this group, chemo-
therapy (the successful treatment of the infected individual) is possible. Among
these agents are materials whose action is that of a competitive inhibitor of an
important metabolite; the family of sulfonamides is the prime example of this
class. Since the mechanism of action of sulfonamides has been intensively studied
and has been adequately reviewed elsewhere (29, 99), this subject will not be
touched upon here, except to restate that one of the mechanisms of antibacterial
action is that of competitive antagonism.

The other group of antibacterial chemotherapeutic agents comprises the
clinically successful antibiotics. It is the purpose of this review to consider their
mechanism of antibacterial action. This subject too has been intensively re-
viewed (1, 4, 9, 13, 30, 32, 46, 66, 98) but there is not the degree of agreement
nor the clarity of concept of action that characterizes the group of competitive
inhibitors. The reasons for this lack of understanding are not only the usual
lack of data but also a lack of consideration as to what constitutes an antibac-
terial action of therapeutic significance. This situation forces the development
of certain principles which it shall be the function of this article to point out.
This review is devoted largely to the mode of action of the following antibiotics:
penicillin, streptomycin, aureomycin, terramycin and chloramphenicol. It is
recognized that there are, of course, a considerable residuum of cases in which
we have no indication of mode of action or in which the substance is toxic for
the animal as well.

With respect to the mode of action of the five antibiotics listed, we wish to
know the answers to the following two problems:

1. The vulnerable point which the antibiotic attacks in the biochemistry of

the bacterial cell.

2. The reasons for the specificity, especially why it is possible to use them

in the living animal.

With respect to the first problem, as knowledge of such agents progresses it is
generally found that more than one biochemical reaction is influenced by the
antibiotic. All of these are indeed actions of the antibiotic but some may be
related more to the conditions of the experiment than to their chemotherapeutic
effect. We therefore really wish to know which of the biochemical lesions observed
is related to the chemotherapeutic effect. Three relatively simple criteria are at
preeent in use; these may require amplification as more information becomes
available, but they suffice at present. First, the effects observed must be obtained
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with the antibiotically-active forms of the antibiotic but not with derivatives
devoid of antibiotic activity. Second, the effects obsérved must be obtained
with concentrations of the antibiotic comparable to or identical with those re-
quired to inhibit bacterial growth. Third, the biochemical reaction which is
affected must be vital to the cell economy.

With respect to the second problem, we must sometimes be content to wait
until the first problem has been solved before the second one can be approached,
but at any rate, specificity should not be ignored since it represents the essence of
the problem of chemotherapy. Many details of the biochemistry of the anti-
biotically-sensitive reactions may remain obscure without greatly affecting our
understanding of the mode of action. But unless we know why it is that these
substances affect a bacterial cell in one manner and an animal cell in another,
we have not reached an adequate understanding of their action.

The attempts to obtain answers to the two basic problems of mode of action
of antibiotics will be recorded subsequently, but it has recently become quite
evident that one approach, which might seem reasonable, must be abandoned.
This approach compares the metabolic properties of resistant bacterial strains
with those of sensitive strains and attempts to determine, from what has hap-
pened to the strain which became resistant, what the action of the antibiotic
was on the strain that is sensitive. There is, of course, a great likelihood that in
a chain of relations of this complexity, logical fallacy may creep in unnoticed.
Expenmentally, it is found that not all resistant strains are alike in their meta-
bolic properties, so that if one reasons from the resistant strain, the alleged action
on the sensitive strain depends on which resistant strain one happens to choose
for study. Indeed, more careful consideration of this approach shows that the
only way in which one can study the action of any drug is to study it in the
system in which it acts and not in the system in which it has no action. Proposals
of mode of action based on this fallacious approach will therefore be omitted
except in one case where this method affords the only information currently
available.

In all the foregoing it has been assumed that the five antibiotics in question
act by interfering in some unspecified manner with the metabolic reactions of
the cell. It is, of course, possible to conceive of other mechanisms of action.
Tyrocidin (22, 31) and subtilin (74), for example, appear to act as germicidal
surface-active agents and cells treated with these substances show not only a
rapid and permanent loss of metabolic activity but also a rapid leakage of cell
constituents into the medium. Other physical effects might be postulated; but
there is, indeed, no evidence for them, so the basic assumption made is that the
antibiotic speclﬁcally interferes with some lmportant metabolic reaction in the
cell. But further, it is assumed that the action is not a general one on a vanety
of enzymes, but is relatively specific. Some cases of this are known. For exainple,
antimycin (64) appears to inhibit but one step (“Slater factor”) in a complex
respiratory chain and presumably this is the cause of its marked toxicity. Per-
haps bacillomycin B, forming a complex with cytochrome c (84), acts in a
gimilar manner. In short, the supposition underlying the study of the clinically
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active antibiotics is that their action is chemically “‘pin-pointed” to a particular
reaction (or a relatively few related reactions) within the susceptible cell. Time
alone will tell whether this is a valid supposition but available data do not con-
tradict it and afford the assumption considerable support.

It is further axiomatic that a drug must be absorbed by and react with the
tissue it is to act upon, and antibiotics are no exception. Naturally, there are
several factors, some perhaps of specificity, involved in the absorption process.
A variety of studies (2, 17, 75) have shown several factors to be involved in the
absorption of antibiotics; but these factors, while unquestionably involved in
the action of antibiotics, are indeed similar to those of other drugs and have no
particular bearing upon their mode of action. While some of the antibiotics may
exist in the colloidal state (28) the bearing of this upon their mode of action
seems quite remote. ,

The mode of action of penicillin is in one sense the best known since it has
been studied more fully than that of any other antibiotic; but, in another sense,
it is not precisely known and indeed it is subject to considerable controversy and
confusion. In part this appears to be due to the types of measurements which
" may be made. A particular and singular reaction appears to be blocked by peni-
cillin. When it is so inhibited one may measure the lack of end products of this
reaction or the accumulation of intermediates whose further metabolism would
normally proceed through this reaction. While at present the nature of this re-
action is difficult to specify in detail, its existence may be inferred from the
relatively specific adsorption of penicillin to susceptible cells. After some initial
confusion in which claims were made for the absorption of penicillin by cell
cytoplasm (12) in quantities of less than ten molecules per cell (72), separate
groups of workers are now agreed that (40, 41, 70, 71) there is a specific reversible
uptake of penicillin most probably responsible for its antibacterial activity and
that the component responsible for the adsorption appears to be located in the
cell wall (16). It appears that a similar specific adsorption component is neces-
sary for penicillinase adaptation (63). Once this penicillin-binding component
is inactivated, certain changes occur in the organism. These apparently have to
do with the disorganization in the metabolism (both synthesis and breakdown)
of nucleic acids, which in turn is related to the organism’s ability to synthesize
protein (20). The effects on amino acid assimilation (18, 21) and protein synthe-
sis (33) are now thought to be reflections of the effect on nucleic acid synthesis
(20, 47, 48). Further, several groups of workers have noted effects of penicillin
(in relatively high concentrations) upon the nucleic acid metabolism of resting
cells, and growing cells treated with penicillin show a relatively marked altera-
tion in nucleic acid metabolism (24-27, 36, 42, 49). Furthermore, growing cells
treated with penicillin show the accumulation of uridine-5-pyrophosphates (57—
62) whose quantities and kinetic relationships are such that they appear to be
on the pathway toward nucleic acids, rather than related solely to any coenzyme
function they might possess. There thus appears to be a large area of agreement
among investigators that penicillin acts by inhibiting an early stage of nucleic
acid synthesis (ribose nucleic acid is the primary one affected), but it is as yet
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impossible precisely to “pin-point’’ the site of action or to specify the exact
mechanism of inhibition.

There remains a small group of observations on the action of penicillin which
do not conform to the remainder of the studies. The relationship of glutathione
to the action of penicillin (65) would apparently receive some support from the
observation that penicillin competitively inhibits the breakdown of glutathione
by liver preparations (6); but penicillin has no effect on the synthesis of gluta-
thione by extracts of E. cols (20). The adaptive assimilation of nitrate by a.coli-
form organism is inhibited by penicillin (19). The inhibiting effect of penicillin
on the growth of C. diphtheriae and Cl. Welchiz may be relieved by a factor from
yeast extract (10). In a gram-negative organism penicillin inhibits the growth
when glycine is supplied but not when leucylglycine is provided (76). The ulti-
mate interpretation and the real significance of these effects are not yet clear;
but they should serve to remind us that, in spite of the vast area of agreement
and the data pointing to a single mode of action of penicillin, there are still phe-
nomena sufficiently important that should not be ignored and for which in time
an explanation should be sought.

Since there are only indirect methods of measuring the site of action of peni-
cillin and these do not lend themselves to studies in animal tissues, there is no
experimental approach to the larger problem that now looms ahead. That is,
why can penicillin be used in the animal body without untoward effects? Cer-
tainly this is well established; but does not the body synthesize nucleic acids and
if penicillin stops this process in the gram-positive and certain other bacteria,
why does it not do so in the gram-negative bacteria or in the animal cell? A
variety of hypotheses can be proposed, but to the best of our knowledge there
is no experimental approach yet available for testing any of them.

Streptomycin represents something of a contrast to penicillin in that there
are a variety of reactions inhibited by it. Streptomycin forms complexes with
nucleic acids and nucleoproteins (11, 14, 25, 26, 73), which combination alters
the surface charge of the bacteria (45); it inhibits in a somewhat specific manner
diamine oxidase (55), an enzyme also inhibited by pyocyanine, streptothricin
and chloramphenicol; it has been claimed to interfere with inositol metabolism
(38, 56, 69) and pantothenate synthesis (37), and to inhibit an unknown reaction
called the “oxalacetate-pyruvate’ reaction (54, 86, 87, 93). Because of the multi-
plicity of these effects it has been necessary to attempt to distinguish between
those which might be related to the inhibition of the growth of the organism
and those which might be related to the chemical properties of the molecule
rather than to the antibacterial effect per se. The status of each of the reactions
mentioned and their relation to possible mode of action have been reviewed
elsewhere (88). After application of the criteria mentioned at the start of this
review, so far only one reaction survives as bearing a possible relation to the
mode of bactericidal action. This is the ‘“oxalacetate-pyruvate” reaction. Its
nature remains somewhat obscure since it does not appear to be any of the
known reactions of oxalacetate and pyruvate (94). Inasmuch as reactions of
these substances have been intensively studied, it would seem unlikely that
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further reactions involving them would be of quantitative significance. Yet this
appears to be the case. Some progress has been made in clarifying the nature of
the streptomycin-sensitive reaction with the discovery of a new intermediate
in metabolism, 2-phospho-4-hydroxy-4-carboxy adipic acid. This compound is a
seven-carbon phosphorylated tricarboxy acid, isolated from dog liver (67). It
was shown to be an intermediate in the metabolism of the rat, by tracing the
incorporation of radioactive phosphorus into it (90, 91). In E. coli it is formed
apparently only when a dicarboxy acid and pyruvate are present, and its forma-
tion is inhibited by streptomycin (91) at levels comparable to those required to
inhibit growth. However, it is not yet known what role this substance may play
in metabolism. At any rate, the “oxalacetate-pyruvate” reaction is becoming
less obscure and the action of streptomycin upon it is therefore becoming of
more significance. The site of action of streptomycin is thus -biochemically “pin-
pointed”’ and, as in the case of penicillin, it turns out to be a relatively singular
reaction, essentially undetected by other methods of studying metabolism.
There remains, of course, a considerable residuum of effects of streptomycin
which do not fit into the picture of the inhibition of a single reaction as the cause
of streptomycin antibiosis, and the area of agreement on the mode of action of
streptomycin is somewhat smaller than that for penicillin. Aside from several
actions of streptomycin mentioned above (88) which are not considered as
bearing directly upon its mode of action since they either occur only when the
concentration of streptomycin is very high or occur also with derivatives of
streptomycin which are not antibiotically active, there remain some which do
fulfill the necessary criteria. One of these is the action of streptomycin on the
avian tuberculosis organism (53) in which the oxalacetate-pyruvate reaction
has not been demonstrated but in which a portion of the oxidation of certain of
the higher fatty acids is specifically inhibited. Another stems from a report (3)
that the dissimilation of pyruvate under anaerobic conditions is inhibited by
streptomycin. In this case, however, the known reactions of pyruvate when
separately tested are not sensitive to streptomycin and the inhibition occurs in
the presence of bicarbonate and with an active oxalacetate decarboxylase pres-
ent (92), so that it is possible that in this case one is dealing with yet another
manifestation of the oxalacetate-pyruvate reaction. Bacterial strains resistant
to streptomycin show a variety of alterations in metabolism which are indeed
so inconsistent from strain to strain that it is evidently impossible to provide
any general explanation of the reaction inhibited in the sensitive strain (82,
89). : '
The reasons why streptomycin may be used in the animal body are reasonably
clear. The reaction sensitive to streptomycin occurs in animal tissues but a per-
meability barrier to streptomycin exists, not only at the cell wall but also at the
surface of the mitochondria (95). Pharmacological studies (44, 51, 52) show that,
while streptomycin does penetrate from the blood stream into the tissue, the
amount so penetrating is very small, and more direct studies of such penetration
show that the cell is protected by an additional permeability barrier at the
surface of the mitochondria, which is the apparent site of the sensitive reaction.
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This simple mechanism, that is, mere physical separation of streptomycin from
the site of the sensitive reaction, seems to account for its ability to. kill those
bacteria which it can attack in the animal body. This means, however, that if
the sensitive bacteria are protected from the streptomycin by themselves grow-
ing within the host cell, or walled off in other ways, they will not be attacked
by the drug, which apparently explains the usual failure of streptomycin in
brucellosis (35, 43). In human tuberculosis one may suspect that it is the extra-
cellular organisms which are primarily attacked.

If one compares the mode of action of penicillin and streptomycin one is struck
by certain similarities in their action. For example, in both cases, they combine
with a specific enzyme system in an irreversible manner, the reaction carried out
is one not evident by other methods of study, and whenever resistance develops
the reaction sensitive to the drug is lost (whatever else may happen to the re-
slstant strain). They differ, however, in the nature of the reaction inhibited and
in the apparent reason why they may be used in the animal. One might presume
that those aspects of their action which they possess in common might be general
characteristics of the actions of other antibiotics. It would therefore be of interest
to learn the mode of action of a third antibiotic, to determine whether there are
features common to a group, or whether each agent operates by different mecha-
nisms. Three candidates are available for this consideration; chloramphenicol
(Chloromycetin), aureomycin and terramycin.

With respect to chloramphenicol, it does not inhibit a wide array of reactions,
including proteolytic enzymes (77, 81), but it does have a curious effect upon
bacterial esterases (81) and on the crystalline liver esterase. Inhibition is observed
at concentrations about 10-fold higher than those required to inhibit bacterial
growth but within the physiologically effective range. In animal mitochondria,
the esterase is not inhibited, which suggests a barrier, as with streptomyecin,
preventing the antibotic from reaching the site of the sensitive reaction. How-
ever, this is not quite a reasonable explanation since chloramphenicol does ap-
parently penetrate the red blood cell (23) and also acts upon certain rickettsial
infections in which the parasite is intracellular. It is, at the moment, difficult to
relate this action of chloramphenicol on esterases to its mode of action in killing
the organism, partly because of our lack of knowledge of the critical metabolic
importance of esterases, but more important, because of the curious response of
esterases to chloramphenicol, involving stimulation as well as inhibition.

A variety of enzyme systems acting on chloramphenicol itself have been
described (15, 78-80), but these reactions do not seem to be pertinent to its mode
of action inasmuch as alterations in the chloramphenicol molecule reduce or
eliminate the antibiotic effect. The inhibition of E. coli and L. casez by chlor-
amphenicol is decreased by phenylalanine, and to an extent by tyrosine and
tryptophan (97). This antagenism is non-competitive, but is demonstrable over
only a narrow range of concentration of the drug and only with minimally
effective doses of chloramphenicol. This was, however, taken to mean that,
gince chloramphenicol is a naturally occurring analogue of phenylalanine, it
might.owe its antibacterial properties to interference with the action of phenyl-
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alanine, and that, over a narrow range, more phenylalanine could com;;ensate
for the loss of certmn reactions inhibited by chloramphenicol. Other workers
(5, 85), however, feel that the antibiotic interferes with the early stages of
tryptophan synthesis, especially the formation of indole from anthranilic acid
(5). Further, a growth factor for L. citrovorum, not folinic acid but produced by
incubation of folic acid with hemopoietic tissue, is claimed to reverse chlor-
amphenicol inhibition (83). Finally, chloramphenicol has been shown (20) to
inhibit protein synthesis in Staph. aureus without interference with glucose
fermentation, extracellular peptide formation or nucleic acid synthesis. All these
experimental results have not yet been integrated into any common explanation
or any picture of a possible mode of action of chloramphenicol. They seem to
point in somewhat opposite directions and it is apparent that the deﬁmtxve ex-
periments have yet to be conceived and executed.

If the status-of knowledge of the mode of action of chloramphemcol isin a
somewhat immature state, that of the action of aureomycin and terramyein is
dominated by a singularly illogical conception, in that the majority of the
studies have been done, not with susceptible bacteria, but with animal tissue,
where one might suppose the problem is—why do these antibiotics not act on
the animal? Aureomyecin, applied to animal homogenates at relatively high con-
centrations, inhibits aerobic phosphorylation, possibly through blocking some
part of the Krebs cycle (8, 39, 96). Terramycin apparently acts in the same man-
ner (50), as indeed do dinitrophenol, quinacrine, gramicidin, usnic acid and
barbiturates (7, 34). There appears to be some difference of opinion with regard
to the similarity of the mode of action of aureomycin and terramyoin (8, 39,
50, 68), but in view of their similarity in chemical structure we shall consider
them as a single unit. At relatively high concentrations such phosphorylation
‘“uncoupling” is evident with aureomycin in Staph. aureus (20), but it seems
quite unlikely that this uncoupling reaction can explain the antibiotic .activity
even in Staph. aureus since growth and protein synthesis are sensitive to much
smaller concentrations of the drug. Further, there is a difference in the action of
aureomycin (which inhibits glutamate accumulation but not glucose fermenta-
tion) and terramycin (which inhibits both) at higher concentrations, but both
agents inhibit protein synthesis at concentrations comparable to those required
to inhibit growth (20).

~ It is quite evident that studies on the mode of action of antibiotics are not

sufficiently advanced to permit any generalizations as to their actions or to
formulate with any precision a positive statement of any common feature of
their action. It séems clear, however, that as a group they are not competitive
analogues of metabolites. A great deal of further study will be necessary before
definite progress beyond this stage is possible.
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