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I. Proteins versus nucleic acids a s determinants of biological 
specificities 

I am happy that Dr. Carman's present introductory * remarks express 
a concern that, of late, certain experimental data, such as the nucleic 
acid nature of the pneumoccal transforming material, have been used 
as bases for relegating of proteins to a place second to DNA or RNA 
as determinants of biological specificities. I can share Dr. Cannan's 
concern and am tempted, therefore, to evaluate briefly certain basic facts 
regarding this question. In the first place, I say to myself, "It is an 
established fact that the specificities of simple proteins and simple and 
conjugated enzymes reside exclusively in the protein molecules. The 
syntheses of nucleotides and polynucleotides are mediated by protein 
catalysts; enzymes of nonprotein nature have not as yet been found." 
Then I ask myself, "Granted that they are absolutely proved facts, to 
what are the specificities of nucleic acids due? Are they not due to 
proteins that mediate their synthesis and seal them with specificities, 
which are not as yet proved characteristically in more than one way as 
with the specificities of proteins?" 

It is also established that the parenteral introduction, with or without 
addition of the protein of their origin, of almost any high or low 
molecular weight foreign substance with a different structure or con
figuration from that of the recipient, will invoke in the recipient system 
the formation of specific whole or incomplete antibodies, or non-
precipitating "antibodies," or will cause sensitization or some sort of 
allergic reaction. 

None of the nucleic acids, or their parts, which have been claimed to 

* This introductory section is in response to the following question by Chairman 
Cannan: "I don't know whether Dr. Sevag introduced the protein molecule into his title 
as a kindly gesture to the Chairman, or whether he really believes proteins do play 
some significant role in the interactions of the cell. Whichever way it is, I am very 
pleased to see it there, because I haven't yet become reconciled to the idea that proteins 
should take second place to DNA or RNA." 
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be the carriers of biological specificities has been found to exercise even 
a faint trace of unfailing collateral immunological or allergic or sen
sitizing properties. The views and claims regarding the properties of 
certain DNA preparations as determinants of biological specificities 
must be considered with a great deal of caution and reserve and must 
be re-examined. 

It also seems advisable to consider the bearing on this question of 
the existence in nature of nucleotides of uridine-diphosphate-acety-
lamino-sugar-peptide, the peptide residue being composed of L-lysine, 
D-glutamic acid, and alanine (Park, 1951). And we might consider also 
the possibility that the "polynucleotide" that is described by Binkley 
(1952), as cysteinylglycinase may contain one or more peptide residues. 

The question must be viewed also in the light of the fact that, in 
common with other self-reproducing or protein-synthesizing units such 
as the genes or the cytoplasmic particles, the plant and animal viruses 
are nucleoproteins. Of these, tobacco mosaic, alfalfa mosaic, tomato 
bushy stunt, tobacco necrosis, southern bean mosaic, tobacco ring spot, 
Rous sarcoma, and equine encephalomyelitis viruses are exclusively of 
the ribonucleoprotein (RNA) type (Knight, 1947), thus showing that 
the biological specificities of these species of living entities are in
dependent of any DNA role. While there are no data or evidence that 
RNA differs quantitatively or qualitatively in eight different strains of 
tobacco mosaic virus, amino acid analysis has shown that mutation of 
TMV, or of its strains, can be accompanied by a change in relative 
proportion of the amino acids of the virus protein. The Holmes ribograss 
strain was found to differ from TMV, among others, by possessing two 
amino acids, histidine and methionine, which are entirely absent from 
TMV or the other strains. Analysis of the TMV and its double mutant 
J14D1 in regard to the relation of protein composition to biological 
activity reveals that there were marked differences in their glutamic acid 
and lysine contents, the mutant containing a lesser amount of glutamic 
acid but a greater amount of lysine. A similar study with the two mutants 
of influenza virus (3% RNA and 2% DNA) showed that the mutants 
differed significantly in their contents of arginine, glutamic acid, lysine, 
tryptophan, and tyrosine. These data were taken to indicate that the 
fundamental changes in protein composition that were found to ac
company mutation of a plant virus may also accompany mutation of an 
animal virus. 

With these facts in mind my concern over the above discussed 
claims regarding the order of importance of proteins and nucleic acids 
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disappears, and the protein molecule stands out as the most important 
entity as determinant of biological specificities. I am therefore grateful 
to Dr. Cannan for his thought-provoking introductory remarks, which 
stimulated me to begin my talk on the "Protein Molecule, Drug Resist
ance, and Related Problems" with the above analysis. I am also grateful 
to Dr. Mitchell for his well-documented talk, which in a way prepared 
the ground for me. 

I I . Definitions 

As defined, the phenomenon of tolerance or resistance to a drug is 
a stable and inheritable adjustment by a cell to external or endogenous 
toxic or inhibitory agents. The fact that the basic mechanism of this 
adjustment is viewed controversially indicates that our understanding 
of the phenomenon leaves much to be desired. The present approach 
by investigators with different backgrounds and training makes difficult 
a unification of points of view into a comprehensive concept. Under 
these circumstances one must take "leave of absence" from one's devo
tion to an orthodox belief or point of view, or from standard explanations 
and do a little unorthodox thinking. We must also remember, at least 
occasionally, that none of us is the creator or the exclusive custodian 
of the secrets that a cell jealously guards. 

The question before us is whether environmental chemical and 
physicochemical factors can induce the phenomenon of tolerance. Some 
of the investigators boldly declare that hereditary changes occur by 
"spontaneous gene mutation" independent of any environmental in
fluences. The latter simply select the mutants. These investigators have 
not given us a clear definition of what they mean by "spontaneous 
mutation." 

I believe that the mechanism underlying "spontaneous mutation" is 
not basically different from that which is implied by the term "chemical 
induction" as basis for the phenomenon of tolerance to drugs and other 
related processes. This conclusion is based on the following general
izations. 

First: All chemical changes arise from the interaction of substances 
exercising mutual specific affinities. "Spontaneous mutation" is a chemical 
event resulting in chemical changes in the cell undergoing mutation. 
These changes cannot be attributed to an error in the function of a gene 
exclusive of endogenous or external inhibitory influences. In a living 
system, the internal forces must be in equilibrium with those in the 
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external environment with mutual susceptibilities. 
Second: The postulate that a gene can acquire all the required 

factors for its multiplication from its surroundings and can regulate 
the enzyme functions in the nucleus or cytoplasm or both and remain 
insusceptible to adverse changes within its circle of activities cannot 
be reconciled with the principles of chemistry. Similarly, one must 
reject the postulate that environmental factors can bring about changes 
in a molecular entity, gene, or cells if they are not genetically and 
chemically predisposed or invested with potentialities for changes. On 
this basis, the term "spontaneous mutation" must be regarded as equiv
alent to "chemical potentialities." The cell is then capable of responding 
to endogenous and specific external factors by developing resistance to 
drugs, configurational modification of the pertinent enzyme proteins, 
defection in metabolism, and, possibly emergence of activities known 
as "adaptive" enzymes. 

Third: Antibacterial agents exercise their specific effects by chemical 
combinations with the reactive groups in the cell proteins. Chemical 
combinations are either reversible or irreversible. Reversible combina
tions represent bacteriostasis. Injuries that may result from reversible 
combinations can be assumed to be superficial and repairable. In 
bacteriostasis the development of resistance would be expected to be 
protracted. Irreversible combinations either result in killing the cells, 
or initiate the induction of biochemical variations, with or without 
irreparable injury to the cell. Under adverse conditions of aging, tem
perature, acidity, alkalinity, starvation, inhibitory metabolic products, 
irreversible changes in the absence of a drug can also occur. Let us 
analyze the experimental data in regard to these questions. 

In a study devoted to the origins of drug resistance, there are several 
complications that one encounters. Let us briefly discuss some of these 
difficulties. These can be characterized under the following headings. 

I I I . Biochemical heterogeneity of population of cells a n d drug 
resistance 

Despite the fact that a colony originates from a single cell it consists 
of heterogeneous population of cells. In colony formation on agar, a 
single cell, step by step, takes the form of a dome. The outside surface 
represents aerobic regions, populated by the oldest and semistarved 
cells and by cells that, in case of presence of a drug, are far removed 
from contacts with drug and possibly have recovered from the effects 
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FIG. 1. Diverse Conditions within a Bacterial Colony 

of the earlier contacts with drug. On the other hand, below the surface 
various degrees of anaerobiosis and nutritional conditions prevail. 
Oxygen cannot diffuse readily through the sticky layers of bacteria. In 
this region the cells are also of different ages. Further down, near the 
surface of agar, nutrition is more plentiful, and a higher concentration 
of drug and metabolic or waste products is present. Under these con
ditions, the cells composing the colony are unavoidably of different 
biochemical activities, and different degrees of potentialities for muta
tion or acquisition of resistance on contact with drug are represented. 
The minute biochemical differences possessed by cells within a colony 
would be magnified many fold on spreading over a plate. On these 
bases it is natural to expect that, when cells of a colony are spread out, 
remarkable differences in cell population between the spread and un-
spread colonies would be observed. These differences may be considered, 
therefore, not as due to random or chance mutations (Newcombe, 1949) 
but as due to the unavoidable course of biochemical events that create 
a heterogeneous population of cells with varying degrees of potentiality 
to undergo mutation and induction to drug resistance. 
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There will also be differences among the cells growing in liquid 
media, though perhaps to a lesser degree because of the more nearly 
uniform distribution of various factors. There will be differences in the 
age and sparsity of critical factors between a later period of growth 
and an earlier period, differences in the length of exposure of cells to 
the toxic metabolic products, etc. All these factors do not permit the 
generation of a homogeneous population of cells, even starting with a 
single cell. Furthermore, variation in the composition of a medium as 
the growth progresses, degrees of aerobiosis and anaerobiosis, presence 
and absence of carbohydrates, buffering capacity, catalytic and other 
effects of glass walls, traces of impurities are contributory to the bio
chemical variation within a population. 

IV. Effect of experimental conditions on the 4 4rate of mutation 9' 
of cells 

In consideration of the above factors, one is not surprised to en
counter in the literature wide variations in regard to the number 
of survivals of drug action from a given number of normal population 
of cells. It has been generally reported, on the basis of colony counts, 
that the ratio of resistant to sensitive cells is about 1:108. On the other 
hand, it was found (Sevag and Rosanoff, 1952) that as few as 104 cocci 
of Micrococcus pyogenes var. aureus can yield, in a liquid medium con
taining streptomycin, a resistant population. Using a single-cell isola
tion techique to exclude the selection of spontaneous mutants, Voureka 
(1952) reported the induction of permanent variations in staphylococci 
as the result of action by streptomycin, penicillin, or chloramphenicol. 
The ratio of altered to unaltered was in all cases greater than 1:15 and 
can hardly have been due to the selection of spontaneous mutants ap
pearing in the treated suspension. The variations were associated with a 
reduction in coagulase production, mannitol fermentation, gelatin 
liquefaction, and penicillinase production. These losses indicate severe 
disturbances by the drugs. A total conversion of a population of normal 
yeast into a population of mutants was demonstrated by Ephrussi et al. 
(1949) with a single cell isolation technique. When a normal baker's 
yeast strain was grown for 48 hours in a culture medium containing 
a low concentration of acridine, the culture consisted almost exclusively 
of mutants, whereas none of the control mother cells gave rise to 
mutants. The mutant character was irreversible. Since there was 
practically no cell mortality, there was no possibility for selection of 
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natural mutants, thereby showing clearly that mutants emerged as a 
result of the mutagenic action of acridine. 

Streptomycin action converts all green Euglena to bleached variants 
without killing and therefore without involving selection (Robbins et ah, 
1953). Prof. T. Akiba reported during the first session that, when 
phosphate-washed suspensions of Escherichia coli, etc., were exposed to 
10 /xg of streptomycin per milliliter for 13 days at 37°C, all surviving cells 
were converted forms resistant to 1000 μg streptomycin. Saz and Eagle 
(1953) reported that they obtained more resistant cells from 106 to 10 s 

cells and none from their inoculum of 109 cells in the presence of penicil
lin. Addition of resistant cells to sensitive populations resulted in a decline 
in the number of recoverable colonies of the added resistant cells as the 
number of sensitive cells to which they were added increased from 106 

to 108, and none was recovered when 2,000 resistant cells were added to 
109 sensitive cells. It must be particularly emphasized here that Saz and 
Eagle could not observe this phenomenon when similar experiments 
were performed in liquid media. 

The observations cited above show that no one can be sure what per 
cent of the potential cells can actually be accounted for by replica plat
ing, or can be demonstrated on agar plates in other types of agar plate 
experiments, such as the gradient technique of Szybalski and Bryson 
(1952). The dependability and validity of the conclusions drawn from 
various techniques used to determine the number of "spontaneous 
mutants" or "potential" mutants in a given population may be subject 
to serious questioning. 

V. The role of nutritional factors on the rate of the acquisition of 
drug resistance 

It is the usual experience of various investigators that the rate of the 
acquisition of resistance by a given microorganism varies. The critical 
factors determining the speed of emergence of a resistant population is 
intimately related to the nature of nutritional environment. Develop
ment of resistance to sulf athiazole in staphylococci required eight months 
following successive culture transfers every 48 to 72 hours (Steers and 
Sevag, 1949). Emerson and Cushing (1946) reported also that the first 
persistent resistance was manifested by Neurospora after long treatment 
with sulfanilamide. The more fully adapted strain, appearing after still 
further treatment, was accompanied by gene mutation. In E. coli, 
resistance to 1,500 μg of sulfathizaole per milliliter casein hydrolyzate 



378 Μ. G. SEVAG 

medium was achieved after five to eight transfers. In contrast, in salts-
glucose medium, 15 to 20 transfers were required to produce resistance 
to 125 to 150 //,g of drug per milliliter (Sevag and Minsavage, 1949). 
Rosanoff and Sevag (1953) reported that E. coli Β can acquire resist
ance to 3000 μg of streptomycin in casein hydrolyzate medium with 
glucose after three successive transfers by stepwise increase of the con
centrations of the antibiotic. In contrast, in salts-glucose medium, con
taining only 0.45% phosphate buffer, resistance to streptomycin by 
E. coli does not show any increment for 34 two-day transfers; only 
during the 35th or 36th transfer is rapid growth evident in the presence 
of 2,000 /Ag of streptomycin per milliliter. It is interesting to note that 
this protracted course of resistance development can be reduced to 
three transfers if one increases the phosphate concentration from 0.45% 
to 3.1% (Rosanoff and Sevag, 1953). In view of these wide variations in 
the number of transfers required to obtain the desired degree of resist
ance under varying environmental conditions, the question asked is: 
"If there were present any resistant cells at any time during the suc
cessive 34 transfers, should it not have been possible to obtain a fully 
resistant culture at an earlier period?" 

V I . Acquisition of α high degree of resistance in the presence of 
sublethal drug concentrations 

As discussed by Ehrlich (1907), Frank and Röhl (1907) and Brown
ing (1907) found that strains of trypanosomes resistant to certain dyes 
and arsenicals could be achieved by treating infected animals with 
suboptimal amounts of drugs. Under these conditions, the selection of 
spontaneous resistant mutants by killing the sensitive ones could not 
have taken place. The cultivation of Paramecium for long periods of 
time in the presence of sublethal amounts of arsenious acid by Jollos 
(1913, 1921) yielded a strain that was several fold more resistant than 
the parent. It retained its resistance during hundreds of vegetative 
divisions in an arsenic-free medium. Jollos called the increase in resist
ance a Dauer^modifikation and believed it to involve a change in the 
cytoplasm. Here, likewise, selection of natural mutants could not have 
been responsible for resistance. Silver and Kempe (1947), working with 
Aerobactis aerogenes; Linz (1948) with E. colt; Stenderup (1953) with 
Pseudomones aeruginosa; Akiba and Yokota (1952) with E. coli and 
Staphylococcus; Eagle et ah (1952) with several species of cocci and 
bacilli; and Gibson and Gibson (1951) with sublethal concentrations 
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of drugs reported having obtained higher degrees of resistance to specific 
drugs. In these cases, likewise, the question of selection of natural 
mutants could not have entered into the picture. 

VI I . Specificity of resistance to structural patterns of drugs 

In general, the resistance acquired to a given drug or toxic agent is 
specific. However, once an organism acquires resistance to a drug, or 
undergoes biochemical defection by mutation, it may lose its sensitivity 
or gain in sensitivity to one or more drugs. This is a basic question requir
ing careful analysis. 

In Ehrlich's laboratory, it was found that a strain of trypanosomes 
resistant to fuchsin (hydrochloride of triaminodiphenyl-tolycarbinol) was 
resistant to a series of triphenylmethane dyes, such as malachite green 
(contains only two dimethylated amino groups), methyl violet (contains 
three dimethylated amino groups), night blue (tetraethyldiaminobenzo-
phenon-p-tolyl-a-naphthylamine chloride), but was not resistant to arsen
icals or a group of dyes belonging to the general anthroquinoid struc
tural unit, such as methylene blue, pyronine, oxazine, selazine, and thia-
zine. On the other hand, arsenical-resistant strains of trypanosomes were 
resistant also to anthroquinoid dyes but not to triphenylmethane dyes 
(Browning, 1908; Morgenroth, 1914). The specificity of the resistance 
phenomenon among substances of a given structural pattern is also 
observed among various members of the sulfonamide group. When or
ganisms are made resistant to one sulfonamide, with a few possible 
exceptions, they are usually also resistant to the others (for extensive 
literature see Henry, 1944). Szybalski and Bryson (1952) have reported 
that there is a high degree of reciprocal cross-resistance within the group 
of polypeptides, such as polymyxin Β and circulin (two cyclic bacterial 
polypeptides). Unlike these polypeptides, bacitracin constitutes an inde
pendent group of its own, showing no relation, in regard to resistance, 
to the two polypeptide or the nonpeptide antibiotics. They have found 
complete cross-resistance, cross-dependence, and similar patterns of re
sistance development for hydroxystreptomycin, dihydrostreptomycin, 
and streptomycin only. 

In connection with the question of specificity the findings of Slonim-
ski (1953) are of interest. Only those acridines that specifically interfere 
with the synthesis of cytochrome oxidase in yeast are mutagenic, and, 
conversely, nonmutagenic acridines are not specific inhibitors. Acridines 
do not influence the oxygen uptake or the function of cytochrome oxidase, 
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but its synthesis. The induced mutation results in an irreversible block 
of the synthesis of cytochrome oxidase. Werbitzki (1910) showed that 
acriflavines and the red dye, Pyronine, belonging to the same anthra-
quinoid structural unit, will combine directly with the kinetonucleus of 
sensitive trypanosomes and destroy it. This body appears to contain 
deoxyribonucleic acid. As the trypanosomes acquire resistance, the 
kinetonucleus is eliminated. (This question is further discussed under 
heading XVI, dealing with metabolic pathways in drug resistant cells.) 
These observations indicate that the acquisition of resistance represents 
an interaction between the bacteria and toxic substances belonging to 
structural units of triphenylmethane, anthraquinoid, p-aminobenzene 
nucleus as in sulfonamides, streptomycin, cyclic polypeptide, etc. On 
this basis, actual chemical combinations with and inhibition of specific 
enzyme systems appears to be a prerequisite for the development of 
resistance to structural patterns or for the inducion of mutation. 

VI I I . Reproducibility of resistance phenomenon a n d the specificity 
of structural units 

Resistant cells are produced under laboratory conditions and in vivo 
with chemically identical modifications at different times by different 
workers. This reproducibility, under such diverse conditions of resist
ance to a given drug, parallels the precision of chemical reactions, and 
it is logical to conclude, therefore, that it must result from a specific 
cause repeatedly producing the same effect. It can be argued, therefore, 
that mutation occurring blindly or by chance could not reoccur in an 
identical manner. It is difficult to conceive how random mutations can 
produce the same effect under so many diverse situations. The exact 
duplication of the results would speak for the specific action of struc
tural units, such as members of the sulfonamide group, streptomycin 
group, anthraquinoid dyes, triphenylmethane dyes, etc. Cross-resistance 
among the members belonging to the same structural unit strengthens 
the point of view that we are dealing with specific actions of drugs 
resulting in related resistance phenomenon. 

IX. Phenomenon of nonspecific tolerance a n d the question of the 
origin of resistance 

In a recent study, Szybalski and Bryson (1952) have reported recip
rocal cross-resistance and "collateral sensitivity" among antibiotics of 
nonrelated structural patterns. For example, they find reciprocal cross-
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resistance within the group of polypeptides, such as viomycin, vinactin, 
catenulin, and streptothricin, and with neomycin, which is not a poly
peptide. It is said that "streptomycin is related to this group because the 
strains resistant to the preceding anibiotics also show a marked increase 
in resistance to streptomycin." On the basis of these and several other 
observations of similar nonspecific nature, they assumed that their "cross 
resistance patterns" show that "the antibiotics tested fall into four, 
internally related, major groups." Instructive also are the findings on 
"collateral sensitivity" in which a strain made resistant to one antibiotic 
becomes considerably more sensitive to another. Voureka (1952) ob
served that the "unhealthy cells" produced by the action of antibiotics 
on staphylococci had lost, among other activities, "resistance to certain 
drugs," suggesting that, "resistance to these drugs, at least when not 
normal to the species, is more exacting than sensitivity, that is, involves 
some additional capacity." 

The nonspecificity of tolerance phenomena discussed above is more 
apparent than real. The nonspecific reciprocal or unilateral resistance 
and "collateral sensitivity" might lead some of the investigators to 
assume that resistant cells arise by random mutation and without any 
specific response to any of the antibiotic or other agents. This might 
offer a basis for questioning radiation resistance in radiation-sensitive 
bacteria as an induced mutation. Newcombe has previously (1953) and 
in the present symposium raised the question, pointing out that radiation 
can induce many other kinds of mutations in E. coli, including those to 
streptomycin resistance and dependence, to phage T l resistance, and to 
lactose nonfermentation (see Newcombe for literature). In discussing 
this question further, he pointed out that "mutations to phage resistance 
occur spontaneously in about three of every 108 cell divisions, while 
mutations to streptomycin resistance are much less frequent, occurring 
in about two out of every 10 1 0 divisions, a ratio of 150 phage mutations 
to one streptomycin mutation. After gamma irradiation (18,000 r) we 
have found that out of every 108 surviving cells as many as 50 mutate 
to streptomycin resistance, and after ultraviolet (5000 ergs/sq. mm.) 
as many as 800." 

X . Predisposition as a factor in producing nonspecific cross 
resistance a n d increased sensitivity 
The phenomena of nonspecific cross and unilateral resistance and 

collateral sensitivity would seem to reflect chemical side effects, by a 
drug or radiation, which predispose or invest the cells with new poten-
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tialities to undergo subsequently resistance modifications or sensitivities 
on one contact with other nonrelated antibiotics. Of the numerous ex
perimental data in support of this interpretation the following are given. 

Bishop and McComache (1950) reported that when Plasmodium 
gallinaceum acquired resistance to sulfadiazine and sulfanilamide in 
infected chicks, it became, at the same time, highly resistant to Paludrine 
(l-(p-chlorophenyl)-5-isopropylbiguanide HCl) . This is remarkable for 
the reason that sulfadiazine was a more effective agent for inducing 
resistance to Paludrine than was Paludrine itself. This shows clearly 
that sulfadiazine resistance predisposes the plasmodium to acquire re
sistance to Paludrine readily. Still more remarkable is the fact that 
Paludrine could not readily induce resistance to sulfadiazine. Similarly, 
Smolens and Vogt (1953) reported that attempts to increase the resist
ance of the Tillman strain of Hemophilus pertussis to Aureomycin, 
chloramphenicol, and penicillin met with no success. Over 30 sub
cultures were carried out with practically no change in resistance. How
ever, they found that the strain that had been made resistant to Terra-
mycin also had increased 10-fold in resistance to Aureomycin. We have 
earlier discussed our failure to induce resistance in P. aeruginosa to 
polymyxin B, and the necessity for 34 successive transfers to predispose 
E. coli to the acquisition of resistance to streptomycin in salts-glucose 
medium. 

X I . Chemical parallels for predisposition to acquire drug 
tolerance 

The biochemical status of cells, as characterized by predisposition to 
the acquisition of resistance, can best be illustrated by the following 
chemical reaction mechanisms. The orienting influence of substituent 
groups in the benzene ring determines the position to which a new sub
stitution will take place. In other words, the presence of certain atomic 
groups at certain positions in the ring predisposes certain other positions 
to a reaction and builds up, simultaneously, a greater resistance in an 
adjacent or neighboring position. For nitration, for example, the pres
ence of certain groups predisposes the benzene ring at meta position 
and apparently simultaneously inactivates (or makes resistant) the ortho 
and para positions. These groups are: —N02, —CN, —COOH, —N(CH3)3, 
-COC1, - S 0 3 , H. In contrast, the presence of -NH(COCH 3), 
—N(COCH3)2, —OH, —CH3 etc. in the ring inactivates (makes resist
ant) the meta position and predisposes (sensitizes or brings about a 
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collateral sensitivity) the ortho and para positions for nitration. A strik
ing parallel for the essentiality of predisposition is the complete failure 
of monoalkylation of benzene in the Friedel and Crafts reaction without 
considerable poly-substitution. 

In view of the above considerations, the observed nonspecific recip
rocal and/or unilateral resistance phenomenon does not contradict the 
specificity of the mechanism of resistance to structural units, nor does it 
offer any basis for the assumption that resistance is a random mutation. 
Observed discrepancies can be accounted for by the essentiality of pre
disposition of a cell for the ready acquisition of additional resistance 
to other drugs. 

X I I . The phenomenon of antagonism a m o n g drugs * 

Numerous data are available to indicate that an effective drug be
comes ineffective in the presence of another effective drug. Or two drugs 
present in a system at the same time may neutralize each other's effects. 
Thus, it may appear that two drugs are competing for the same reactive 
groups in the cell and thereby nullify each other, or may imply that 
they have the same mode of action. Since these assumptions fail to con
form with the exigencies of the structural specificities of nonrelated 
antibiotics, one must look for other interpretations of the phenomenon. 
It has been reported (Jawetz, et al., 1952) that penicillin forms an 
antagonistic pair with either chloramphenicol, or Aureomycin, or Terra-
mycin in Streptococcus faecalis, Str. pyogenes, Micrococcus pyogenes 
var. aureus and Klebsiella pneumoniae. Further antagonistic pairs are: 
neomycin + chloramphenicol; bacitracin + chloramphenicol or Terra-
mycin; streptomycin + chloramphenicol, Terramycin, or Aureomycin, in 
one or the other above microorganisms. 

It is already known that strains resistant to penicillin, Aureomycin, 
chloramphenicol, and Terramycin show a high degree of reciprocal cross-
resistance. The antagonism between penicillin and any of the other anti
biotics could therefore be explained by assumping that they induce 
readily "mutually favorable predispositions" for the cell to acquire 
resistance to both drugs simultaneously. The phenomenon of "antagon
ism," therefore, can be considered an accelerated one-contact acquisition 
of "double-edged" resistance. Or it might be that blockage by one anti
biotic of certain specific enzyme system enables or permits the emer
gence of an alternate metabolic pathway insensitive to the other. On 

* See further Dr. R. J. Schnitzels articles on this subject. 
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these bases, "antagonism" would seem to be apparent rather than real. 
These considerations emphasize the urgency of investigating the 

scientific basis rather than relying on empirical uncertainties for syner
gistic combinations of drugs to cope with the "antagonistic" phenomenon 
and increases in resistant strains as well. 

XI I I . Patterns in the phenomenon of drug resistance 

The question what specific changes a cell undergoes during the acqui
sition of drug tolerance to toxic substances has been the number one 
problem for consideration. The data regarding this question have been 
reviewed in part recently by Abraham (1953). We will avoid going over 
the same ground. When the available data are classified, the following 
resistance patterns appear to manifest themselves in resistance to toxic 
agents. 

(1) The data gathered by Ehrlich and his associates indicate the 
loss for many generations by trypanosomes of the ability to combine with 
and reduce a dye; resistance is associated also with loss of the kineto
nucleus. 

(2) Resistant cells may undergo augmentation in their ability for 
the enzymatic detoxication of a drug, such as conjugation, oxidation, 
or cleavage of a toxic agent. Cells may possess potential abilities or 
weak activities to detoxicate a drug. This ability may be augmented 
at the expense of another enzyme system. To this class belong penicil
linase, oxidation of aminoaceridine, quinine, conjugation of morphine, 
etc., cleavage of a molecule, methylation or demethylation reaction 
mechanisms. 

(3) In very rare cases, a cell might elaborate large enough amounts 
of an antagonist, such as p-aminohenzoic acid, to neutralize the action 
of the antimetabolite (see Mitchel, 1954, for a comprehensive dis
cussion). 

(4) Natural and acquired impermeability of a cell membrane to one 
drug or to several drugs (as a possible explanation for cross-resistance). 
Here one must ask the question what are the basic, primary changes that 
have converted drug-permeable sensitive cells into permeable resistant 
cells. Every chemical change of this nature must result from specific 
chemical effects on the cell. 

(5) Drug-resistant cells may have experienced the emergence of 
drug-insensitive alternate metabolic pathways with the irreversible sup
pression of drug-sensitive pathways. This will be discussed below. 
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X I V . Nutritional factors a n d metabolic pathways in relation to 
sensitivity a n d resistance to drugs 

In what particular manner does a microorganism or a higher organ
ism acquire the ability to manifest resistance to a drug? How does a 
sensitive system become insensitive to a drug? The following factors 
can be considered. 

(1) One of the oldest ideas is that on becoming insensitive the cell 
components lose their reactivity with drugs. This is based principally 
upon the results of experiments showing failure of drug to accumulate 
in a resistant cell. This may be misleading, however, since, as will be 
discussed below, the results show that even though the drug may fail to 
inhibit growth, it may continue to modify the metabolism of the resistant 
cells and thus exercise affinities. 

(2) It is reasonable to visualize that certain configurational changes 
in the drug-susceptible specific enzyme proteins may also involve changes 
in the activities of the enzyme to account for the resistance developed. 

(3) One or more drug-susceptible enzymes may have been modified 
or eliminated, either stepwise or simultaneously, nullifying principle 
drug-sensitive sites. This may mean that drug-insensitive enzymes have 
come into existence, either by augmentation or by undergoing modifica
tion during the development of resistance. There are numerous experi
mental data showing that the suppression of one or more enzyme 
systems is paralleled by an increment in others. This may represent a 
compensatory process to meet metabolic requirements under adverse 
conditions. 

(4) Certain genetic potentialities become realities during the process 
of resistance development. A drug can act if the enzymatic constitutions 
of cells are susceptible to its action. And it is redundant to state that the 
types of enzymatic constitutions are conditioned by the nutritional or 
chemical environment in which living cells are multiplied. The available 
data must be analyzed from the standpoint of cause and effect region-
ship in regard to the emergence of resistant cells. Hinshelwood (1949) 
and his associates (1944) have proposed the concept that the resistance 
to drugs is a process of adaptation, by which, I believe, they mean that 
there occurs an expansion of certain protein patterns whereby an ordered 
structure expands by the accretion of new units. It is true that certain 
activities in resistant cells show augmentation, giving the fortuitous 
appearance that they have gained materially. However, the results so 
far obtained show that every apparent augmentation or quantitive 
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increment in enzymatic activities or increment in the activities of alter
nate metabolic pathways is paralleled with equal or greater losses of 
different kinds of enzymatic activities. The net balance is a diminution 
in the total energy output utilizable for cell economy, or loss of ability 
to utilize fully the energy generated by the resistant cells. Experimental 
data underlying these conclusions can be summarized here. 

X V . Diphasic effects of enzyme inhibitors a n d drugs 

There seems to exist a parallelism between the specific effects on 
cells by drugs and by endogneous metabolic inhibitors and the patterns 
of metabolism that emerge on acquiring resistance. A drug very often 
exercises at least twin effects of opposite nature; the effects are diphasic. 
An inhibitory effect is usually associated with an accelerating effect, 
which in reality may or may not be fully utilizable for growth purposes. 
Stone (1938) reported that lactic acid content of brain increased during 
cyanide convulsions, which may be interpreted to indicate a suppression 
of aerobic mechanism, or shunting the glucose metabolism in the direc
tion of accelerated glycolytic activity. Lardy and Phillips (1943) ob
served that the inhibition of the aerobic respiration of bovine sperma
tozoa by maleate, hydroquinone, and KCN is paralleled by stimulated 
glycolysis. Sevag and Steers (1949) found that during the growth of 
sensitive staphylococci inhibition of the utilization of tryptophan was 
paralleled by acceleration of glucose disappearance from the medium. 
Sevag and Levinson (1953) reported that sulfathiazole acting on 
pyruvate in E. colt inhibited the phosphoroclastic but stimulated the 
dismutative reaction. For further literature see also Clifton (1946) and 
McElroy (1949). These processes may seem to give an idea of the back
ground of alternate metabolic pathways described below. 

X V I . Effects of drugs on the emergence of alternate metabolic 
pathways 

The results obtained from comparative studies can be analyzed in 
regard to the question to what extent the dual effects of an antimicrobial 
agent on sensitive cells can constitute a background for the altered 
metabolism of the cells acquiring resistance. Of the various observations 
we will discuss one as an example. It has been pointed out earlier 
(Sevag and Green, 1945) that the metabolism of tryptophan, an amino 
acid required for the growth of staphylococci, is interfered with by 
sulfonamides. Pantothenic acid, which was found, alone or, even more 
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effectively, in combination with riboflavin, to mediate the synthesis of 
tryptophan from glucose and amino acids, bypasses the inhibition in the 
presence of tryptophan. In a later study by Steers and Sevag (1949), it 
was shown that, in the absence of tryptophan, the growth of the resistant 
strain in the presence of glucose was completely inhibited by sulfathia-
zole. In the presence of added tryptophan, the growth was not inhibited. 
These facts show a relationship between the sensitivity of the meta
bolism of tryptophan to sulfonamides in the drug-sensitive strain and 
insensitivity of its utilization in the resistant strain. 

In the sensitive staphylococcal strain (Sevag and Steers, 1949), 
blockage of utilization of tryptophan is paralleled by accelerated disap
pearance of glucose from the medium. This relationship is reversed in 
the resistant strain in the presence of sulfathiazole. Here, a block to 
glucose utilization is paralleled by accelerated tryptophan utilization in 
amounts greatly in excess of the amount that can be recovered. The block 
to glucose utilization in the resistant cells is eliminated by the presence of 
tryptophan. This block in glucose utilization by sulfathiazole is associ
ated with a twofold increase in the amount of glucose utilized for the 
synthesis of glutamic acid in a glutamate-free amino acid medium. In 
sensitive cells, on the other hand, the synthesis of glutamate from other 
amino acids is inhibited by sulfathiazole to a greater extent in the 
absence of glucose than in its presence. These facts show a modified 
metabolism of tryptophan and glucose in the resistant cells, with an 
unbroken link with those in the sensitive strain. 

In the sensitive E. coli (Rosanoff and Sevag, 1953), the inhibition of 
the growth in a salts-glucose medium by streptomycin is antagonized by 
cysteine, proline, or aspartic acid. Streptomycin resistance acquired in 
casein hydrolyzate medium rendered E. coli dependent for growth, in 
salts-glucose medium, upon any one of the above three amino acids, thus 
showing a link between the antagonistic ability in the sensitive strain 
and dependence on the amino acids as growth factors in the resistant 
cells. In the sensitive cells, the phosphoroclastic reaction in pyruvate 
metabolism is inhibited from 40 to 50% and, simultaneously, the dismuta-
tive reaction is accelerated 22%. When the cells become resistant to 
streptomycin, the phosphoroclastic reaction is reduced from 88.6% to 
44.5%, and the dismutative reaction is increased from 8.9% to 53.6%. These 
changes are associated in the resistant cells with loss of formic hydro-
genlyase activity (resulting in the accumulation of formate), loss of 
formic oxidase, and loss of ability to use oxygen in pyruvate. These losses 
are paralleled by profound changes in the metabolism of glucose. 
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Aerobically, the amount of oxygen used in the resistant cells is one-
sixth the amount used in the sensitive cells. Under these conditions the 
amount of lactate formed in the sensitive cells rises from 8% of glucose 
metabolized to 96.5% in the resistant cells. In other words, a respiratory 
type of metabolism is replaced by a less efficient homofermentative type. 
With this change, the growth of the resistant strain, even in casein 
hydrolyzate medium, requires glucose. That is, the organism has lost 
the ability to utilize readily available amino acids without the energy 
mechanism of homofermentative glucose metabolism. It must be men
tioned here that, with the loss of formic hydrogenlyase activity in the 
resistant cells, the accumulation of 4-amino-5-imidazolecarboxamide, as 
observed in the sensitive cells, does not occur. This favors the purine 
synthesis. 

There is not a single chemical entity that is not capable of exercising 
more than one affinity, particularly when in contact with a complex 
living system. As a consequence, a cell, on acquiring resistance, would 
experience several modifications, not all of which can be related directly 
to a single mode of action of a drug. However, multiplicity of action 
does not negate the specificity of action. It must be considered multi-
specific to varying degrees rather than a single specificity of action. 

In a single-cell study of bakers yeast (Slonimski, 1953), it has been 
reported that the action of acridine produces a mutant with the loss of 
several respiratory enzyme systems, simultaneously, however, the 
mutant cells were found to contain cytochrome a and malic cytochrome 
c reductase, independent of coenzyme I, which were not found in 
normal cells. It was further shown that, simultaneously with the inhibi
tion of the synthesis of cytochrome oxidase by mutagenic acridines, the 
formation of galactozymase was stimulated by their presence. Mitchell 
(1954), discussing the phenotypic characteristics of three strains of 
Neurospora crossa, points out differences in growth rates and contents 
of cytochromes. One of these strains, defective in the cytochrome system, 
contains an excess of riboflavin and niacin, and a potent system that 
degrades cytochromes, not observed in the wild type strain of the mold. 

A. E S C H E R I C H I A C O L I R E S I S T A N C E T O S T R E P T O M Y C I N 

The protracted course of resistance development in E. colt (Rosanoff 
and Sevag, 1953) in salts-glucose medium, as discussed earlier, indicates 
that during the early transfers the normal population did not contain 
cells corresponding in resistance to those whose development became 
manifest during the 35th and 36th transfers. If there were such cells at 
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the beginning, they should have multiplied and formed the resistant 
population during the first few transfers. The fact that the cells multi
plied readily during the 35th and 36th transfers shows that the medium 
was adequate for these types of cells if they had been in existence at 
an earlier period. 

It would seem that, under the said nutritional condition, streptomycin 
imposed on sensitive cells such restrictions that they could not readily 
learn new ways to bypass these blocks. Despite inherent genetic provision 
for mutations, the nutritional environment was not conducive to fast 
learning of new ways of synthesizing substances required for growth. 
However, step by step they have learned alternate pathways of synthesis, 
and the upsurge of growth during the last two transfers must be the 
result of accumulated new experiences in synthesizing substances re
quired for growth. The rapid rate of resistance development in casein 
hydrolyzate medium or salts-glucose medium containing 3.1% phosphate 
shows that these conditions were conducive to enabling the cells to 
learn alternate metabolic pathways at a faster rate and thereby to bypass 
the blocks imposed by streptomycin. This is indicated by the fact that, 
unlike the cells that had acquired resistance in salts-glucose media, the 
cells that acquired a high degree of resistance in casein hydrolyzate 
medium containing glucose lost their ability to grow in salts-glucose 
medium. Here they required the presence of cysteine, proline, and 
aspartic acid. That is, resistance to streptomycin has been acquired in 
the complex medium at the price of loss of the ability to synthesize these 
amino acids. It is interesting to see a link between the loss of this ability 
and the antagonistic action of these amino acids to inhibition of growth 
by streptomycin in salts-glucose medium. Here one can see a possible 
direct action on the sensitive cells causing dependence upon these amino 
acids for growth by the streptomycin-resistant cells. 

Another collateral effect of streptomycin action is to be found in the 
fact that, though the wild type can grow readily in glucose-free casein 
hydrolyzate medium, the amino acid-dependent resistant cells lost their 
ability to grow in this medium in the absence of glucose. It would seem 
that the loss of ability to synthesize proline, aspartic acid, and cysteine 
is symptomatic of wider degradative changes, as a result of which they 
are unable to utilize all or any of the amino acids for growth purposes. 
However, glucose can be replaced by pyruvate for growth purposes only 
in the presence of 2,000 μg of streptomycin per milliliter. The inhibitory 
action of streptomycin on the metabolism of pyruvate by the parent 
sensitive cell and the deranged pyruvate metabolism requiring the 
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presence of streptomycin by the resistant cells may indicate a further 
direct cause-and-effect relationship. How streptomycin initiates or regu
lates pyruvate metabolism for growth purpose is not clear. It may act 
by blocking wasteful metabolism and channeling the enzyme actions in 
useful directions, or it may indicate that the enzyme proteins in the 
resistant cells are "damaged" and therefore require the antibiotic for 
normal or an alternate pathway function. 

B. M I C R O C O C C U S P Y O G E N E S V A R . A U R E U S R E S I S T A N C E T O S T R E P T O M Y C I N 

A study of the development of resistance to streptomycin in Micro
coccus pyogenes var. aureus 3A (Sevag and Rosanoff, 1952) yielded the 
following facts. Attempts to obtain resistance to 10 μζ of streptomycin 
in liquid amino acid medium in the absence of glucose failed. However, 
once the cells acquire resistance in the presence of glucose they are able 
to multiply in the presence of 1,000 μg of streptomycin in glucose-free 
amino acid medium. This fact shows that in the presence of glucose the 
cells learn to bypass the inhibitions of amino acid utilization. By the 
process of elimination it was found that, in the presence of glucose, when 
aspartic acid, proline, phenylalanine, histidine, glutamic acid, and lysine 
were omitted one at a time, the growth was inhibited from 100% to 62% 
in the presence of 10 μg of streptomycin. This would indicate that 
streptomycin blocks synthesis of these amino acids when absent from 
the medium, and that the organism learns alternate metabolic pathways 
utilizing glucose and the other amino acids for the synthesis of and only 
in the presence of these amino acids. The block by streptomycin is thus 
bypassed. The alternate pathways learned by emerging resistant cells 
are then established pathways, since the cells can now multiply in a 
medium deficient, particularly, in both phenylalanine and aspartic acid. 
Under these conditions no population of sensitive cells yielded a resistant 
population. As many as 5.4 χ 107 to 1.9 χ 108 S-3A cells were tested 
without obtaining any streptomycin-resistant survival. But when even 
one resistant cell was added to a population of sensitive cells no difficulty 
was encountered in obtaining a resistant population. The failure of 
emergence of resistant cells from sensitive populations in an amino 
acid-deficient medium, and the ability of one resistant cell to produce a 
resistant population in this medium, show that normally populations of 
sensitive cells do not contain de facto resistant cells. The failure to show 
the presence of resistant cells in 200 million sensitive cells assumes 
striking significance when contrasted with the fact that an inoculum 
containing 10,000 sensitive cells, which would likewise fail to yield a 



DRUG RESISTANCE AND MUTATIONS AT PROTEIN LEVEL 391 

resistant population in the deficient medium in which 1 resistant cell 
would thrive, yields a resistant population in a complete amino acid-
glucose medium. These facts show unequivocally that a normal popula
tion of 10,000 cells does not contain de facto drug-resistant cells, hut 
that a certain fraction of the population possesses the potentiality to 
acquire resistance to streptomycin by the action of streptomycin. These 
potentialities will not become realities unless the sensitive cells find 
among the nutritional factors phenylalanine and aspartic acid which, 
by their presence, must counteract streptomycin to permit the cells to 
learn to synthesize these amino acids from glucose and other amino 
acids. This, in our evaluation, constitutes one of the basic processes util
ized to acquire resistance to streptomycin by Micrococcus pyogenes var. 
aureus. 

C. AEROB ACTER AEROGENES AND PSEUDOMONAS AERUGINOSA 

RESISTANCE TO POLYMYXIN Β 

The critical role of the nutritional environment is again conspicuously 
demonstrated in the action of Polymyxin Β on Aerobacter aerogenes and 
Pseudomonas aeruginosa (Haas and Sevag, 1953). The former organism 
cultivated in liquid salts-glucose medium can grow in approximately 
one hundred times greater amount of Polymyxin Β than when trans
planted in broth or amino acid medium. Similarly, Ps. aeruginosa is able 
to grow in salts-glucose medium in the presence of more than 1,700 
times greater amount of this antibiotic than in broth or amino acid 
medium. None of the ingredients in salts-glucose medium was found to 
be responsible for this remarkable resistance to polymyxin B. Glucose 
could be replaced by lactose or pyruvate without decrease in resistance. 
Using A. aerogenes, by the process of elimination, it was found that 
when either leucine or serine was omitted from the complete amino 
acid medium, the resulting deficient amino acid medium behaved 
similarly to salts-glucose medium. On the other hand, when three pairs 
of amino acids (leucine + serine, methionine + serine, or methionine 
+ leucine) were added one pair at a time to the salts-glucose medium, 
the organism became highly sensitive to polymyxin Β or responded as 
if it were in broth medium. Thus it became possible to convert a 
resistance-providing medium (salts-glucose) to a highly bactericidal one 
by mere addition of two amino acids; the highly bacteridical, nutrition
ally rich amino acid environment may be changed into resistance by the 
elimination of any one of the three pairs of amino acids. 

The nutritional environment in which the cells are grown before 
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coming into contact with a drug has a strong effect on the sensitivity 
or resistance. The inoculum prepared by growth in salts-glucose medium 
would be more resistant when transferred into amino acid or broth 
medium than when the inoculum is prepared in the complex or rich 
medium. Conversely, when the inoculum is prepared in broth medium 
it will be more sensitive when transferred into salts-glucose medium than 
the inoculum prepared with latter medium. It is evident that nutritional 
factors help determine which metablic pathway will be capable of func
tioning, thus providing a means of resistance and sensitivity toward a 
toxic agent. These observations clearly show that aliquot inocula behav
ing differently in two different media in regards to sensitivity or resist
ance can be accounted for most reasonably by explaining that no de facto 
resistant cells are present in any of the aliquots of inocula, but that the 
nutritional environment provides or fails to provide means for the poten
tial cells to learn the use of alternate metabolic pathways. 

As shown in Figure 2, in salts glucose medium P. aeruginosa shows 
mortality rate very much slower than that in casein hydrolyzate medium, 
in which the mortality is very rapid and complete within two hours, 
yielding no resistant offspring. In contrast, in salts-glucose medium, the 
slow rate of mortality is apparently associated with the acquisition of 
resistance to polymyxin B. Here, at the end of a four-hour period, about 
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10% of the cells survive. This appears to us too high a percentage of 
survival to be due to a spontaneous mutational origin, but it is compar
able to the chemically induced mutations cited earlier. These survivors, 
after remaining stationary for a period of eight hours, multiplied rapidly 
to yield a population that, on subsequent testing, manifested a much 
higher degree of resistance, which was stable. In the subsequent two 
or three transfers in salts-glucose medium, resistance to 4,000 μ% of 
antibiotic was developed. Although this organism acquired resistance to 
1,000 μ£ of polymyxin Β in the salts-glucose medium in a single growth 
period, a concentration of 1.5 μg of antibiotic per milliliter completely 
inhibited the growth in extract broth with 0.5% glucose. Stansky, et al. 
(1947) previously reported that variants resistant to polymyxin could 
not be selected out of cell populations as large as 140 billion. By repeated 
trials we failed to train this organism to manifest resistance in broth or 
casein hydrolyzate media. It must also be noted that cells that are 
resistant to 4,000 μg of antibiotic in salts-glucose medium are just as 
sensitive in the rich media as the original parent cells. However, 
A. aerogenes could be made to acquire resistance to 2,000 μg of anti
biotic in broth medium after 15 successive transfers. These resistant cells 
were also resistant also in salts-glucose medium. 

X V I I . Effect of nutritional environment on the enzymatic 
constitution of microorganisms 

If resistance in salts-glucose medium is due to resistant mutants 
present in an inoculum before coming into contact with the antibiotic, 
why do we fail to demonstrate their existence among 150 billion or more 
normal cells when the rich medium optimal for growth is used? Accord
ing to the spontaneous mutation and selection concept, one would expect 
that mutants capable of resisting any kind of drug under any environ
mental condition would emerge from a fast-multiplying normal popula
tion of bacteria. Experimental data would seem to support preferably 
the concept that a population of cells must yield potential mutants 
under a given nutritional condition for eventual acquisition of resistance 
in response to the action of a drug. This requirement is fulfilled readily 
by salts-glucose medium, but not by optimal growth medium. Any 
additional information in regard to the changes in enzymatic constitu
tion of cells in different nutritional environment would elucidate the 
questions discussed. Diehl (1919) observed that Pseudomonas fluor-
escens, Serratia marcescens and Bacillus subtilis, grown in gelatin and/or 
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casein medium, hydrolyze both proteins; cells grown in a salts-glucose 
medium lack this enzymatic activity; addition of peptone or asparagine 
to the simple medium allows formation of the hydrolytic enzymes. 
Addition of glycine stimulates the formation of only gelatinase; addition 
of tyrosine stimulates only the formation of casein-hydrolyzing enzyme. 
Virtanen and DeLey (1948) reported that, in a strain of A. aerogenes, 
the activity of constitutive enzyme, catalase, remains constant while 
invertase activity drops sharply as the nitrogen content of the cell de
creases. DeLey (1949, 1951) observed that anaerobic glucose dissimila
tion, formic hydrogenlyase activity, hydrogenase, and decarboxylation 
capacity disappear as the nitrogen content of the cell drops to half the 
normal level. Virtanen and Alonen (1952) further found that as the 
nitrogen content falls (13% to 9.5%), there is no change in anaerobic 
glucose dissimilation, but below the lower level glycolysis disappears 

TABLE 1. Metabolism of Bacillus subtilis grown in two different media * 

Salts-glucose-yeast 
Complex medium (C cells) extract medium (S-cells) 

1. Gram stain + ± 
2. 12-hour growth pH 5.5 6.3 
3. Relative concentration of 

nucleic acids / 10 1 
4. 0 2 uptake 400 μ! 650 μί 
5. C 0 2 evolved from NaHC0 3 400 μ\ 80 μ\ 
6. Cells grown on agar: 

Fermentation / minimum practically none 
Respiration / maximum vigorous 

7. Fermentative cells + NH4N03in 
medium = respiratory cells 

8. Glucose oxidation = acetic acid, complete oxidation = C 0 2 -f H 20 
acetyl methyl carbinol + C 0 2 + trace of acetic acid 
+ water 

9. Anerobically = homolactic type at a very slow rate 
of fermentation 

10. Glucose oxidation = sensitive to insensitive to fluoride 
fluoride 

11. Glucose = Embden-Meyerhof type via hexose monophosphate 
12. Respiration sensitive only to azide sensitive to cyanide, azide, and CO 

* Based on work by Garry and Bard (1952) 
Complex medium: 1% of each of Difco tryptone, Difco yeast extract, glucose in 0.5% K2HP04. 
Salts-glucose medium: Contained NH4C1, 2.0 g; glucose, 10.0 g; K2HP04, 4.65 g; KH2P04, 0.9 g; 

Difco yeast extract, 0.1 g; distilled water, 1 liter. At the time of inoculation, 5 ml of the 
following solution were added per liter of medium S: MgS04»7H20, 4.0 g; NaCl, 0.2 g; 
FeSO4*7H20, 0.2 g; MnS04»4H20, 0.2 g; 0.4 ml cone. HCl (to prevent precipitation of iron 
salts); distilled water, 100 ml. 
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rapidly. Moreover, different percentages of end products are formed. 
The proteolytic enzyme of this organism, however, was found to be 
independent of nitrogen content (Virtanen and Winkler, 1949). The 
protease activity of Ps. fluorescens is also independent of its nitrogen 
content (Virtanen, 1950; Virtanen and Kokkola, 1950). 

The data presented in Table 1 are tabulated from the work of Bard 
and his associates. The effect of growth medium on the enzymatic con
stitution and sensitivities to various enzyme inhibitors is most striking. 
Klausmeier (1953 Indiana Ph. D. dissertation) working with Bard, re
ported that the rates of reaction of glyceraldehyde-3-phosphate dehydro
genase, aldolase, and lactic dehydrogenase are considerably lower in 
S-cells than in C-cells, accounting for the very slow rate of glucose 
fermentation in S-cells. The increase in fermentation rate is due to the 
rapid acceptance of hydrogens removed in triose phosphate oxidation, 
thus shifting the equilibrium toward triose oxidation. It is interesting 
to note that S-cells are more capable carrying on reactions involving 
higher energy. Whether or not this efficiency bears upon the ease with 
which S-cells acquire a higher degree of resistance to drugs, much faster 
aerobically, may not be answered, but it is more often observed that 
anaerobically the cells either do not acquire resistance or do so to a 
small degree. 

XVI I I . Altered proteins: Chemical interactions, metabolic 
derangements a n d states of hypersensitivity, 
carcinogenesis, addiction, etc. 

On the basis of preceding considerations the following concept may 
be proposed: the direct action of drugs, radiations, and endogenous 
metabolic inhibitors on sensitive cells and cells that have acquired resist
ance induces in the protein molecules configurational modifications, or 
deformations, or "paralysis." * These changes may account for the abnor
mal or wasteful metabolism in microorganisms, hypersensitive states, 
drug allergy, narcotic addiction, abnormal growth and other reversible 
and irreversible disorders in higher organisms. In view of the poten
tialities of a protein molecule to undergo numerous alterations, it is 

* The indicated alterations in proteins may come about as a consequence of 
denaturation, liberation of SH or formation of —S—S—bonds; changes in the status 
of aggregation, shape, solubility, antigenicity, biological activity and susceptibility 
to proteinases, etc. These changes may persist from generation to generation of cells 
as inheritable characteristics, 
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desirable that the experimental basis for this concept be analyzed and 
integrated. An understanding of these problems has important bearing 
on how we can cope with problems of drug resistance, formulate syner
gistic combinations, figure out ways and means to meet the challenges 
of addictions and cancerous growths, etc. 

A. D R U G - R E S I S T A N T C E L L S A S C A R R I E R S O F A L T E R E D E N Z Y M E P R O T E I N S 

In a previous discussion (Sevag, 1946) of enzymatic changes in 
trypanosomes and bacteria undergoing the acquisition of resistance to 
toxic agents, we drew the following conclusions: "The resistance of try
panosomes to thiazine dyes indicates that either the enzyme, flavo-
protein, has undergone a configurational change with loss of affinity for 
the dye, or that the synthesis of this class of enzymes has been markedly 
suppressed by processes of bacterial variations, as previously discussed." 
In a subsequent study (Sevag and Gots, 1948) comparing the dehydro
genase activities of atabrine-sensitive and -resistant pneumococci, the 
following observation was reported: it was found that the flavoprotein 
activity in the resistant cells could readily be inactivated by twofold 
dilution or by keeping washed cell suspensions at 37° C for two hours; 
parent sensitive cells were unaffected by these treatments. Cell-free 
extracts behaved similarly in both cases. Analysis showed that riboflavin 
contents of the sensitive and resistant cells were identical. The inactiva
tion of dehydrogenase was reversed by adding high concentrations of 
riboflavin, indicating that, in the atabrine-resistant cells, the flavoprotein 
was readily dissociable. The reactivating effect of added riboflavin 
could be due to shifting of the equilibrium from right to left, thus induc
ing a greater combination between the specific protein and the coenzyme. 
The ready inactivation of flavoprotein by dilution and temperature may 
indicate that configurational changes in the protein moiety have weak
ened the molecule so that a firmer combination with its coenzyme fails. 
Since this configurational modification is inheritable from generation 
to generation in the absence of atabrine, one must assume that hereditary 
factors are likewise involved. The specificity of the action of atabrine 
on flavoprotein and resulting injuries is indicated by the fact that the 
inhibition by this drug of anthraquinoid type is antagonized, not by 
thiamine or nicotinic acid, but only by structurally related riboflavin. 
However, one must keep in mind the possibility also of other, simul
taneous, direct and indirect effects on pneumococci by the same drug. 
It is unlikely that a drug acts only on a single sensitive site of a complex 
living system. 
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In a recent study, Davis and Maas (1952), analyzing the biochemical 
mechanism of resistance to sulfonamides in E. coli mutants, suggested 
that alteration in the p-aminobenzoic acid-utilizing (PAB) enzyme was 
associated with decreased affinity for PAB, as well as even more de
creased affinity for the sulfonamide analog. Here again one must 
remember that sulfonamides inhibit more than 20 different enzyme 
systems (Sevag, Gots, and Steers, 1950) involved in the oxidative 
mechanism of carbohydrates and amino acids, and are antagonized by 
at least a dozen different metabolites (Martin, 1951; Sevag, Gots, and 
Steers, 1950), which may not be related to PAB-utilizing enzymes. These 
facts would indicate that there must be more than one altered enzyme 
in the resistant cells. 

A few results that were obtained by Steers and Sevag (1949) can 
likewise be discussed in connection with the notion that once an organ
ism acquires resistance to a drug it is no longer subject to its action. 
This notion needs revision. Although a drug fails to inhibit the growth 
of a resistant strain, it can still modify its metabolism. As discussed 
earlier, in the sensitive staphylococci sulfathiazole inhibits the utilization 
of tryptophan as well as the growth. In the resistant strain, tryptophan 
utilization becomes insensitive. It must be noted that, though in the 
absence of sulfathiazole only 42 per cent of the utilized tryptophan 
cannot be accounted for, in the presence of sulfathiazole this value 
increased to 259 per cent. This result shows that, despite resistance 
gained, the drug continues to interfere with the metabolism of tryp
tophan. A similar relationship operates in glucose metabolism. In the 
sensitive cells, the metabolism of glucose is accelerated, and this is 
paralleled by growth inhibition. In the resistant cells in the absence of 
tryptophan, but not in its presence, growth is still inhibited. In the 
presence of tryptophan and sulfathiazole, but in the absence of glutamic 
acid, twice as much glucose is used for the synthesis of this amino acid 
than in absence of sulfathiazole. These effects, observed only in the 
presence of drug, can only be explained if we assume the induction by 
sulfathiazole of changes in the cells, as indicated by the existence of 
combining affinities for sulfathiazole in different enzyme proteins. This 
effect is not observed in the parent sensitive strain. 

A similar combining affinity is represented by drug dependence, or 
streptomycin dependence in meningococcus, first observed by Miller 
and Bohnhoff (1947), and sulfanilamide dependence in Neurospora, 
described by Emerson (1947). Since the requirements for any of the 
drugs do not involve utilization, their function must be regulatory, such 
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as influencing the reaction equilibria in such a direction as to enable the 
enzymes to utilize an available metabolite for growth purposes. We 
(Rosanoff and Sevag, 1953) have experimented with streytomycin-
dependent E. coli. The antibiotic (2,000 μ% per milliliter) was required 
only when glucose was replaced by pyruvate as a source of energy. The 
streytomycin-resistant strain had lost the ability to metabolize pyruvate 
oxidatively, it had lost formic hydrogenlyase, but the dismutative dis
similation had gained at the expense of the phosphoroclastic reaction. 
It would appear from these observations that streptomycin was reacti
vating some steps in the pyruvate metabolism. Streptomycin dependence 
was dispensed with completely by "training" the cells in a mixture of 
decreasing concentrations of glucose and increasing concentrations of 
pyruvate. The cells that could grow in pyruvate in the absence of 
streptomycin still retained full resistance to the antibiotic. 

B. M U T A N T S A S C A R R I E R S O F A L T E R E D E N Z Y M E P R O T E I N S 

Stokes et al. (1943) have reported that an X-ray mutant strain of 
Neurospora sitophila, which required pyridoxine for growth, could syn
thesize it if the pH of the medium remained above 5.8. Pomper (1952) 
found that ultraviolet irradiation of a strain of Saccaromyces cerevisiae 
requiring pantothenic acid, PAB, methionine, adenine, and histidine at 
pH 6.8, dispensed with the adenine and histidine requirements when 
the pH was lowered from 6.8 to 5.5. What other experimental conditions 
must be adopted in order to dispense with other requirements or to 
reactivate the deformed enzyme proteins remains to be determined. 
Wyss et al. (1944) found that a mutant strain of Neurospora requiring 
PAB regained the ability to grow in the absence of this substance after 
an incubation period of two or three weeks. Maas (1950) found that a 
temperature-sensitive mutant of E. coli required pantothenic acid only 
when grown at 37° C but no at 25° C. The wild type synthesized this 
vitamin at both temperatures. Thus the requirements for PAB, adenine, 
histidine, and pantothenic acid can be relieved by varying the tempera
ture, pH, or time, which indicates that the deformed enzyme proteins 
in various mutants exist in a state of equilibrium between the healthy or 
active and various deformed forms, and that this equilibrium can be 
shifted in one or the other direction by varying the conditions in the 
reaction milieu. Further, Mitchell and Houlohan (1946), in studies with 
mutant strains of Neurospora, found that growth at 38° C required ribo
flavin, but below 25° C the requirement for riboflavin was dismissed, 

and its synthesis proceeded at a rate approaching that of the wild type 
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strain. Adenine requirement by Neurospora mutants has been found 
(Mitchell and Houlohan, 1946; McElroy and Mitchell, 1946) to be 
temperature-dependent. In the temperature range of 33° C to 40° C, 
these mutants were unable to synthesize adenine, and growth depended 
on the quantity of the purine supplied. However, they will grow in the 
absence of adenine, between the temperatures of 10° C and 26° C, 
nearly as well as does a wild type strain. A temperature-sensitive uridine 
requirement by a mutant of Neurospora (Houlohan and Mitchell, 1947) 
and sulfanilamide requirement by Neurospora mutants (Emerson, 1947) 
have likewise been studied. In an extensive study, Campbell and Wil
liams (1953) determined the effect of 36° C, 45° C, and 55° C tempera
tures of incubation on the nutritional requirements of various strains of 
thermophilic wild species of bacteria. They found that additional meta
bolites are required as the incubation temperature was lowered or raised. 
These findings show clearly that requirement for growth factor is very 
often more apparent than real. It shows definitely that requirements are 
indications of abnormal equilibria states of enzyme proteins. 

To the above list of mutants with altered proteins or deranged meta
bolism one must add numerous mutants that back-mutate under one 
condition or another. Of these, the observations by Wright (1951) may 
be briefly discussed. She found that the normal rate of back-mutation 
of a mutant of E. coli (PA 1.5), requiring either serine or glycine, is 
strikingly enhanced in the presence of certain organic acids not serving 
as substitutes for serine. 

These effects of temperature, pH, time, nonspecific chemical sub
stances, etc., are well-known factors in establishing and maintaining the 
active states of enzyme proteins. The response of mutant cells to these 
factors eliminating the "genetic blocks," together with the requirements 
for various factors, shows that the enzyme and possibly gene proteins of 
these mutants have undergone deformations inheritably or have been 
injured reversibly during the process of mutation by the action of various 
mutagenic agents and drugs. 

C. A L T E R E D P R O T E I N S A N D T H E Q U E S T I O N O F " G E N E T I C R L O C K " 

Our object here is not to detract from the large amount of data accu
mulated, particularly during last decade in studies with microorganisms, 
under the category of "genetic blocks." Our aim is to invite the investi
gators to reexamine the data for a reevaluation from the standpoint of 
the many-sided meaning of the states of equilibria that a protein mole
cule can undergo under various environmental conditions. Our point of 
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view regarding the nature of reactivations of mutants by various condi
tions can best be expressed by a quotation from an article by us pub
lished in Advances in Enzymology in 1946. It says in reference to the 
results obtained by Stokes et al. ( 1 9 4 3 ) and Wyss et al. ( 1 9 4 4 ) : "As we 
see it, the restoration of certain abilities after a period of time may have 
been due, not to the . . . adaptive process, but the time or the chemical 
or physicochemical environment which caused the reversal to the 
native state of certain enzyme proteins which might have been deformed, 
distorted, or denatured under the effect of X-ray treatment," and "The 
reactivated or the inactivated enzyme proteins are inheritable. This raises 
the question of whether or not the reactivations of these systems are 
associated with the reversal of mutant genes to the normal state," since 
the theory is prevalent that the genes control the synthesis and specificity 
of proteins. The facts discussed above show that in mutant organisms the 
particular genes are not destroyed, but appear to be merely altered (or 
rather deformed reversibly) with respect to the coenzymes involved 
specifically in the above-mentioned synthetic processes. 

D . A N T I B O D Y A S A P A T T E R N F O R A L T E R E D P R O T E I N S 

It is a well-known fact that antigenic substances of a protein nature 
injected into foreign multicellular systems induce modifications in the 
globulin molecule being synthesized. These modifications bear specific 
relationships to the configuration of the foreign proteins. The modified 
protein is known as antibody. This antibody possesses specific combining 
sites induced into the molecule in response to the active groupings in 
the foreign antigenic proteins. The formation of antibody apparently 
occurs by the formation of a new enzymatic complex between the pro
tein-synthesizing system of the host and antigen. The function of antigens 
in this complex satisfies the rigid criteria of catalysis (Sevag, 1945, 
1951 , 1 9 5 4 ) . On basis of this and other fundamental attributes of the 
protein molecule, all proteins must be looked upon as multicatalytic 
entities ( 1 9 5 4 ) , with numerous potentialities to manifest diverse speci
ficities in response to environmental factors. Space does not permit an 
extended discussion of this subject here. The reader is referred to the 
sources cited above. The most important fact to consider is that a living 
protein such as globulin can undergo as many modifications as there are 
specific proteins in the living world. This may perhaps bear witness to 
the unlimited number of potentialities for modification a protein can 
undergo. 
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E . M E C H A N I S M O F H Y P E R S E N S I T I V I T Y A N D A L T E R E D P R O T E I N 

The question whether or not the foreign protein molecules and their 
uncommon prosthetic groups can produce a generalized modification 
other than antibody formation remains to be answered. However, there 
are simple substances known as sensitizers, which on intrademal injec
tions produce sensitizations. Sensitizers are those simple compounds that 
either combine with proteins chemically directly, or form strong adsorp
tion complexes with proteins of the hosts, producing an antigenic con
jugate. To this class belong halides, anhydrides, benzene compounds 
containing a reactive halogen atom. To this class also belong those com
pounds that can combine with SH groups. These can combine with host 
proteins at the free amino groups. In such combinations, sensitivities to 
these sensitizers with or without circulating precipitatng antibodies can 
be produced. However, there are sensitivities produced in response to 
simple substances, such as sulfonamides and penicillin (Brown, 1945; 
Kooij and Vloten, 1952), of low molecular weight, which are character
ized by the absence of antibodies in any demonstrable form. Kooij and 
Van Vloten reported that an acquired hypersensitivity to sulfonamides 
may persist for several years, possibly for a lifetime. The positive patch 
tests were considered to be allergic reactions. Histologic examinations 
lent support to this view. In 11 cases positive transfer of antibodies was 
tried, using the Prausnitz-Kustner and the Urbach-Konigstein methods; 
the results were negative. Intracutaneous tests with sulfanilamide-azo-
proteins gave only negative results. These facts show the hypersensitive 
state is not due to antibody. The symptoms of sensitivities are attributed 
to "reagin' assumed to be bound in rather large amounts in the tissues 
of the allergic subjects. However, no one has yet isolated or characterized 
it. True tuberculin sensitivity is not associated with any antibody that 
can be found customarily in the serum. Tuberculin sensitivity can be 
transferred not by serum but by living cells, such as monocytes, which 
may indicate a transfer of a sensitivity- bearing or sensitivity-producing 
metabolic system. From this brief statement it can be seen that, although 
the pattern of sensitivity reactions cannot in any way be related to 
specific antibody formation, the problem is nevertheless kept within the 
domain of immunological phenomena. The hypersensitivity phenomena 
would seem to me to represent a specific case of deleterious modifications 
of the enzyme proteins of tissue cells. At every contact with the sensi
tizing agent these modified proteins are stimulated to mediate abnormal 
reactions resulting in skin inflammations or irritations, which are the 
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symptoms of hypersensitivity. On this basis, "cell-bound reagin," the 
existence of which has never been demonstrated, may be considered to 
be cell-bound enzyme protein, which exists in an equilibrium state 
between the normal form and the deformed form as result of the action 
of sensitizers. These sensitizers must be looked upon as mutagenic 
agents or drugs capable of inducing resistance. Such resistance modifica
tions, as discussed above, entail increased combining capacities with the 
specific drugs, resulting in augmented abnormal metabolic activities. 
The functions of a sensitizer appear in many respects analogous to the 
resistance-inducing agents, which continue to influence the metabolism 
of cells even though their growth is no longer inhibited by the specific 
drug. 

F . T U B E R C U L I N S E N S I T I V I T Y A N D A L T E R E D P R O T E I N S 

The formation of the tuberculin type of sensitivity is independent of 
circulating antibody formation. The predominant characteristic of the 
tuberculin type of sensitivity is that in the presence of an extract of the 
organism inducing the sensitivity, the sensitized tissue cells are killed. 
It differs from all other sensitivities in that the tissue cells themselves are 
sensitive and that the consequences of the reaction is death. Of the 
wandering cells, monocytes exhibit the highest degree of sensitivity. 
Upon exposure to tuberculin, sensitive monocytes undergo a definite 
sequence of events: loss of motility, the cell becomes round and vacuo
late, the cytoplasm becomes granular, and necrosis ensues. It has been 
shown that the sensitivity was passed on to daughter cells for several 
generations (Moen, 1936), indicating that the induced sensitivity is 
inheritable. Only the tuberculin (protein, ca. 10,000 molecular weight) 
fraction of the tubercle bacillus elicits the reaction (Heilman and Sei-
bert, 1946; Corper and Clark, 1946). 

It can be visualized that the tubercle bacillus possesses, possibly 
near the cell wall, a complex of labile and stable protein, so that when 
the organism is ingested by a monocyte the bacillary protein complex 
may induce a specific change in one or more enzymes of the monocyte. 
The monocyte would not produce the usually known circulating anti
body, but would be the seat and carrier of the modified enzyme proteins. 
In the absence of the sensitizing agent, the normal metabolism may con
tinue to operate without indicating any apparent disturbance. On con
tact, the sensitizer, tuberculin, would combine with the modified enzyme 
and either inhibit its function or modify its activity, producing toxic 
products causing death and disintegration of monocytes. The products 
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released in the disintegration would give rise to an inflammatory 
response in the surrounding tissue, as basis for the positive skin test or 
other reactions of characteristic of hypersensitive states. 

G. M O N O C Y T E S R E S I S T A N T T O T U B E R C L E B A C I L L U S A N D A L T E R E D P R O T E I N S 

Paralleling the mechanism of sensitivity to foreign agents, the find
ings of Lurie (1928, 1929, 1942) are of interest. He demonstrated that 
the tubercle bacillus multiplied freely in normal rabbits, whereas its 
growth was much reduced or inhibited in rabbits previously infected 
with tubercle bacilli. He showed that this resistance to reinfection did 
not depend on the presence of antibody, but instead resulted from an 
increase of phagocytic activity of monocytes. Or, according to our own 
interpretation of Suter's (1953) findings, possible mutational changes in 
the intracellular metabolism of the monocytes of the sensitized animals, 
virulent tubercle bacilli failed to grow. Whereas normal monocytes were 
unable to stop multiplication of the organisms, monocytes from previ
ously infected animals did. 

The above observations indicate that monocytes or, more particu
larly, the enzyme systems of monocytes can undergo modifications of 
diverse nature. In the latter case, the monocytes of the infected animal 
have acquired the ability to come to grips with the infectious agent. 
In the former case, the monocytes have acquired a property that is detri
mental to their existence on contact with the sensitivity-inducing agent. 
Since these reactions do not involve the participation of antibodies, the 
modified configuration of the enzyme proteins as integral components 
of the cell structure must negotiate these reactions. It is obvious that, 
though large molecular weight foreign proteins stimulate the formation 
of circulating antibodies, small molecular weight tuberculin and poly
peptides and chemicals responsible for hay fever, asthma, allergic 
reactions, and hypersensitivities appear to produce alterations in the 
enzyme proteins as integral components of the cell structure. 

H. C A R C I N O G E N E S I S A N D A L T E R E D P R O T E I N S 

The changes in the cellular structure discussed above are basically 
of the same type as those induced by antibiotics and radiation in micro
bial enzymes during the course of developing resistance. It would seem 
to me that such alteration in living proteins underlies the genesis of 
tumors in response to the action of carcinogenic substances. Miller and 
Miller (1954) discussed in this symposium the over-all metabolism of 
the aminoazo dye, 4-dimethylaminoazobenzene (DAB) during the course 



404 Μ. G. SEVAG 

of carcinogenesis. In the rat, the dye experiences four types of reactions: 
(a) N-demethylation and N-methylation, (b) reductive cleavage of the 
azo linkage (c) ring hydroxylation, especially in the 4 position, and (d) 
binding to certain liver proteins. The binding of the liver proteins of 
an azo dye metabolite appears to be of importance in the carcinogenic 
reaction. It is interesting to note that in the liver of normal rat the 
reduction of the azo linkage is a major metabolic reaction. The induced 
liver tumors, however, are inactive. When DAB is fed, protein-bound 
derivatives can be detected in the liver within a few days. The authors 
feel that the bound dye may be intimately involved in the carcinogenic 
reaction induced by the azo dyes. 

The bound dye could be liberated only by alkaline hydrolysis or 
tryptic digestion. The liberated dyes appear to be mixtures of derivatives 
of the dimethyl and monomethyl dyes. It is observed that the protein-
bound dyes cannot be detected in the azo dye-induced tumors even 
when the dyes are fed continuously. Likewise, the soluble proteins of 
liver tumors contain only about one-tenth as much as the soluble proteins 
of liver. Since it is this protein that carries 80 to 90% of the bound dye 
in the soluble protein fraction, it is thought that the reaction of the 
protein with dye was instrumental in its loss from the cells of induced 
liver tumor. Although the 50 to 60% of the bound dye is combined with 
the soluble proteins, it has been also found in all the particulate fractions. 
It would seem that the combination of the protein with dye and its sub
sequent loss would have a profund effect on the character of the altered 
or resulting cells. 

2-Methyl-DAB-fed rats have been found to contain in the liver a 
twofold increase in the number of mitochondria. These contained essen
tially normal amounts of protein, riboflavin, and succinoxidase, but 
reduced amounts of pentosenucleic acid, cytochrome c reductase (a 
flavoprotein), uricase, octanoxidase, nucleases, and oxalacetic oxidase. 
It seems reasonable to indicate, therefore, that the combination between 
a derivative of the dye fed (possibly a N-hydroxymethyl dye) and 
certain liver proteins may be one of the initial steps in this carcinogenic 
reaction. The binding with the dye must in some manner mediate the 
loss of this protein from the cell. Thus, cells would eventually be formed 
with less and finally with none of the proteins originally attacked by the 
dye. Also, along with these losses, other proteins binding with the dye 
in other parts of the cell so alter the metabolism of the cell that it can 
grow and divide independently of the normal controlling factors. It is 
also suggested that, similarly, physical carcinogens such as the radiations 
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from radioactive elements or ultraviolet light may involve loss of 
critical proteins from cells. Viruses, like carcinogenic chemicals and 
radiations, could initiate losses resulting in tumor cells. 

I. A D D I C T I O N T O N A R C O T I C S A N D A L T E R E D P R O T E I N S 

A similar analysis can be applied to the data presented in the papers 
by Drs. Eddy and Seevers during yesterday morning's session on drug 
addiction. Various physiological behaviors of addicts no doubt are indica
tions of profound biochemical changes. These changes result from altered 
enzyme activities. In other words, the presented data must be analyzed 
from the point of view that no chemical change occurs in a living 
system without being preceded by deep-seated alterations in the enzyme 
proteins, which in any event are the ultimate mediators of any type of 
change. This concept of biochemical transformation at enzymatic level 
is considered, indeed, to explain the phenomena of tolerance observed 
by Seevers and Woods (1953). They suggest that this transformation in 
chemical structure can occur at the level at which most drugs could be 
expected to act. "Therefore, since every molecule, whether it be enzyme, 
protein, nucleic acid, or what not, is in a state of constant change, the 
introduction of an alien chemical entity into the environment of such 
cells under various conditions could conceivably alter enzymatic and 
protein mosaic by influencing synthesis." The loss of ability to conjugate 
morphine by the liver tissues of rats and dogs chronically intoxicated 
with a daily dose of 200 mg per kilogram of morphine sulfate, and other 
metabolic changes, are strong evidence that deep-seated biochemical 
changes have occurred. 

X I X . Conclusion 
Persistent abnormal metabolism of cells, abnormal growth, hyper

sensitivity to drugs, conversion from drug-sensitive to drug-insensitive 
states, are manifestations of altered states of enzyme proteins. These 
altered states perpetuating in the generations of unicellular organisms 
must therefore involve an altered inheritance mechanism as well. These 
changes are chemical in nature and must indicate causes of chemical 
nature as well. 

The random-mutation concept as the cause of drug-resistance 
phenomena does not provide a chemical basis amenable to a detailed 
study of the mechanism of the origins of resistant cells. In contrast, the 
chemical-induction concept provides means of examining and controlling 
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intermediary steps leading to ultimate end results. This may therefore 
provide more powerful tools for the design of experiments for the future 
research necessary to the solution of problems of drug resistance and 
other related problems that we have discussed in this symposium. In 
experiments in vitro, control of nutritional components of the growth 
medium has made possible the prevention of the emergence of drug-
resistant cells. These successes may be indicative of potentialities for 
achieving similar successes in medical practice. 
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