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I. INTRODUCTIO N
Cancer is a group of allied diseases which in the absence of therapy lead to the
death of the host except in extremely rare cases of spontaneous regression. The
cancer cells seem to proliferate freely in the host, forming metastases and
invading the normal tissues; the normal mechanisms of growth control appear
to be lacking. It is generally assumed that cancer cells originate from normal
cells by one or a number of somatic mutations, or heritable alterations, which
are formally equivalent to a mutation, involving the disappearance of growth
control. The mutation may be considered to be one by loss rather than by gain
of a special device which confers autonomy to the cell. This conclusion is based,
among other reasons, upon the fact that every normal cell type is, either at
some stage (postmitotics) or during the whole of its lifetime, endowed with a
potential capacity to divide. The latent power of growth appears to be a
general biological phenomenon (422). However, instead of dividing indefinitely, normal cells are regulated by some homeostatic mechanism of unknown
nature (probably of a complex repressive type) exercized by the organism as a
whole. Any interference from outside which challenges the internal environment of control may release the latent growth, but as long as an irreversible
change has not been induced by this interference the growth stops as soon as
the original situation has been restored. In autonomous cancer cells, the suppressed growth potential is permanently liberated (de-repressed), whereas in
hormone-dependent tumors, growth is dependent on the endocrine imbalance
which caused the original tumor cells to grow out. The latter tumors may
suddenly become autonomous.
The problem of chemotherapy is, generally speaking, one of selective
toxicity. The parasite, whether exogenous (bacterium; virus) or endogenous
in origin (neoplastic cell), has to be destroyed completely while inflicting only
a minimum of damage upon the host. The interaction of the administered drug
with a receptor, present in the parasite and essential for its survival but absent
in the host, would constitute an ideal situation. Penicillin's interference (498)
with the synthesis and maintenance of the cell wall and the sulfonamides'
interference (271) with the folic-acid-synthesizing enzyme systems of certain
bacteria, illustrates this rather well.
The cancer cell situation is, however, wholly different. As compared with
the normal cell, the cancer cell appears to have been "de-differentiated" to a
less-specialized somatic entity. Tissue-specific functions (enzymes) may be lost
and, generally speaking, a more primitive type of metabolism seems to
emerge, aiming at the mere reproduction of new cells. This way of regarding
the cancer cell should, however, not be generalized too much. Many exceptions
to the principle of metabolic uniformity among tumors are now known; the
metabolic characteristics of the original normal cells are retained to varying
55
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extents. The so-called minimal deviation hepatomas, recently established and
studied in detail (e.g. 3, 4), are notable examples of tumors which share many
properties with their tissue of origin.
As yet, no convincing evidence has been presented for the view that cancer
cells have acquired exclusive or new functions not present in the tissue of
origin. It has recently been reported by Woolley (685, 686, 687) that female
mice carrying spontaneous mammary carcinomas contain higher amounts of
vitamin B 12 than do normal animals. This finding has led the author to conclude that the vitamin is synthesized by the cancerous tissue, but this conclusion is in need of more direct evidence.* An analogous situation appears,
however, to exist in the crown gall tumors of plants which synthesize their own
indole-acetic acid. If cancer cells have gained a new function which is absent
in the normal cells, a sound basis for chemotherapy may be present. It is of
interest that some permanent cures of spontaneous mammary carcinomas in
Swiss mice with antimetabolites of the B 1 2-precursor, dimethyldiaminobenzene, have been obtained by Woolley (687). Compelling evidence that the
drugs really inhibit the synthesis of the vitamin by the tumor is, however,
lacking.
In our present state of knowledge, cancer chemotherapy must still be concerned with differences in quantity and not in quality. This situation may even
continue indefinitely, especially if tumor cells originate by a loss-mutation.
Therefore, differences in the concentrations of enzymes, coenzymes, metabolites, and cofactors, which govern the rate of important metabolic reactions,
have to be traced and exploited. If all tumors were to possess either a much
higher or a much lower concentration of a certain component as compared
with all normal tissues, and if the particular concentration of this component
were essential for the maintenance of the tumor, then it might be relatively
easy to inhibit or even destroy neoplastic cells preferentially. This simple
situation does not, unfortunately, exist, for the following reasons:
1. Selectivity: The particular processes of the tumor which seem, at first
sight, to be most suitable for a rational chemotherapeutic attack, e.g., ribonucleic-acid (UNA) and deoxyribonucleic-acid (DNA) synthesis, are in many
cases operating with a similar intensity in dividing normal tissues. Alternatively, it has been shown that antitumor drugs, for which the action mechanism is not (or not definitely) known, may damage both the tumor and a
number of normal tissues. The exploitable metabolic differential between
normal and cancer cells may be small.
2. Heterogeneity and resistance: Since every tumor constitutes a new
biological species (343, 344), which may have its own distinct metabolic background, it may be doubted whether a drug active against all cancers can ever
be found. Specific drugs against the various types of cancer, molded upon the
* A selective uptake of vitamin ( C o 5 )8 B 12 by human and mouse cancer cells has recently
been reported (137).
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enzymatic parameters of the particular tumor types, have to be designed.
Primary cancer offers great difficulties in this regard since it bears relatively
the closest resemblance to the homologous normal tissue. Transplanted
tumors, on the other hand, may, by mutational adjustment and selection,
acquire quantitatively far more different parameters and lose certain enzyme
activities altogether. However, many of these tumors still show a natural
resistance towards certain cancer drugs.
Selection of pre-existing or de novo variants in the presence of a drug may
give rise to resistant cell populations (acquired resistance). The development
of drug resistance hampers successful chemotherapy and must, accordingly,
be prevented or otherwise exploited in some way for the success of therapy.
For prevention, suitable and fast-acting combinations of drugs are required.
The discovery of the actual mechanism by which resistance is conferred may
serve the second aim since the knowledge thus gathered may be used in favorable cases to design drug derivatives which are still active.
3. Tumor-host relations: Many biochemical and biological data show that
tumors exert systemic effects by changing the metabolism of the host tissues.
The latter changes may make the tumor-bearing host more sensitive to chemotherapeutic treatment than the healthy animal. The search for an exploitable
metabolic difference between normal and cancer tissue should thus be carried
out on the normal tissues of the tumor-bearer. Complications as to the general
applicability of such results may then arise since the systemic effects might be
conditioned by the nature and the particular condition of the tumor under
investigation.
Since the measure of effect of a given chemotherapeutic treatment in vivo
may, furthermore, be influenced by the dietary regimen, route of administration of the drug, environmental conditions, site and volume of the tumor, etc.,
it follows that no general rules for obtaining a selective antitumor effect exist.
The study of cancer chemotherapy has been directed along two main lines.
The first is the method of trial-and-error which involves the empirical screening
of a large number of compounds. A notable example of an antitumor drug thus
detected is azaserine. In the second approach, some peculiarity of the cancer
cell is exploited in a rational (e.g. 5-fluorouracil) or semirational (e.g., purine
analogs and derivatives) attempt to exploit the differential in regard to the
normal cells with the hope that it will be large enough to gain success. In many
cases, a combination of the two principles has been involved in that the
original compound was a chance discovery, but that more active and selective
derivatives have been prepared by a rational or semirational approach (e.g.,
biological alkylating agents). The whole field may, in the words of G. H.
Hitchings, be described as one of "rational empiricism." Both lines of research
have and will continue to have their merits; they should be regarded as complementary. As long as the rational approach is hampered by lack of sufficient
basic knowledge, the empirical approach should be continued. Not only is
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cancer an acute medical problem that may profit from an accidental discovery, but the finding of new drugs, even of limited practical significance, may
be expected to lead—as it actually has done before, e.g., azaserine and ribonucleotide synthesis—to a deeper insight into the basic chemical mechanisms
of the cell and thus, in turn, provide information for the rational approach.
The search for more effective anticancer agents, by more or less tentatively
modifying the structure of drugs of known biological activity, is fully warranted on the basis of the results which have been obtained already (467; see
also 610a). It will, however, be evident that basic biochemical information
about both normal and neoplastic tissues is essential for ultimate control of
cancer by chemical means. Hopefully, this information would provide clues
both to the design of new drugs and to more fruitful ways of modifying the
structure of the present drugs.
The limited successes scored as yet are due to the fact that the existing
knowledge of the biochemical mechanisms underlying normal growth,
differentiation, and their control, is poor. Although many biochemical studies
on the metabolism of normal and cancer tissues have been, and are being,
carried out, no unique difference has as yet been observed. Moreover, primary
animal tumors have been relatively little investigated. Rational cancer
chemotherapy is, therefore, in its very infancy. This applies particularly to the
chemotherapy of human cancer since there is a general lack of information
about the biochemical properties of normal and cancer tissues of man. Little
is known in regard to the enzyme concentrations, integration, and relative
importance of metabolic pathways in the human. Extrapolation from animal
experiments is not generally possible, as shown, for instance, by the finding
that the de novo pathway of pyrimidine biosynthesis appears to be of limited
significance in man in contrast to the situation in other species (674). Moreover,
the genetically very heterogeneous population constituted by men should
show a wide range of phenotypic expressions at the molecular level. Indeed,
the biochemical individuality of man has been well documentated (678a). The
enormous difficulties confronting the chemotherapy of human cancer are
apparent if one considers the high degree of individuality that may already be
inherent to tumors of one and the same tissue of the inbred animal. This may
lead one to expect that the choice of the drug to be applied to human tumors
will in many cases have to be made on the basis of a study of biopsy material.
Though the first chemotherapeutic agent for cancer, potassium arsenite or
Fowler's solution, was introduced as early as 1865 (420a) and used since then
with some success in the treatment of chronic leukemia (232a), it was only
after World War II, following research on war gases (nitrogen mustard was
found active against mouse lymphosarcoma and Hodgkin's disease in 1942),
antibiotics, and the introduction of the antimetabolite concept of Woods
and Fildes (in 1940), that systematic research was initiated. The first practical
application of the latter concept in human cancer chemotherapy occurred in
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1948 when S. Farber and his associates used folic acid antagonists for the
treatment of leukemia (224a).
In this chapter, an attempt will be made to discuss the present status of
cancer chemotherapy from the experimental point of view. As regards the
number of drugs to be described, the discussion will be limited and illustrative
rather than exhaustive and will include also drugs of little practical import
ance. The nature of the receptors with which the drugs interact, or may
interact, and the processes in which the receptors are involved will receive our
attention in particular. For other aspects, such as the biological assay of the
antitumor effect and the physiological "disposition" of the drugs, the reader
is referred to recent reviews (443, 624). The present emphasis on biochemical
detail may serve to illustrate the enormous difficulties involved in unraveling
the mode of action of antitumor drugs and the intricacies of such action.

II. H O W IS CYTOTOXICITY BROUGHT ABOUT?
The carcinostatic or carcinolytic effect of a drug must be mediated by an effect
upon some essential function of the cancer cell. In view of the many active
agents which exist, it can hardly be doubted that toxicity becomes manifest
in many different ways. The induction of mitotic abnormalities* may serve to
illustrate this. X-rays, many chemical substances (including the alkylating
agents, purine and pyrimidine antimetabolites, and quinones), malnutrition
or even simple exposure to hypo- and hypertonic media cause chromosome
abnormalities. The question thus arises as to the nature of the primary effect
by which these agents interfere with the integrated processes and the con
nection between the primary biochemical effect and the biological end-effect.
The nature of the primary lesion appears to differ from compound to com
pound ; it is not necessarily connected with the DNA component but may also
involve other receptors including protein, RNA, and the thiol groups of the
mitotic apparatus (54), or even the building up of the energy reservoir which
is required for mitosis (634). The fact that different prime lesions are funnelled
into closely related or similar end-effects appears to be an expression of the
integrated metabolic and structural mechanisms of the cell. Though multiple
effects may thus be considered to lead to toxicity, a rather specific change
must be involved in the induction of the neoplastic process. Even in the latter
case, the multitude of agents—physical, biological as well as chemical—cap
able of inducing cancer suggests that many different primary mechanisms
must be involved. In this connection it may be pointed out that the carcino
genic and carcinostatic activity displayed by one and the same compound does
not necessarily involve the same sites of interaction (see p. 144).
For quite a number of antitumor agents, for instance, the 4-aminostilbenes,
* For recent reviews on the experimental and therapeutic modification and the bio
chemistry of mitosis, see (54a) and (454a).

60

P. EMMELOT

nothing is known about the biochemical mechanism of their action. All that
is known is that the active compounds of the aminostilbene series have a
planar structure (in contrast to some of the related styrylquinolines) and that
they give rise to nuclear and cytoplasmic abnormalities (378). The aminostilbenes do not appear to be of practical importance; they are, however, of
considerable theoretical interest because there is a close parallel between the
carcinostatic and carcinogenic properties of the various members of the
series (274).
Until recently, the mechanism of action of the carcinostatic and highly toxic
styrylquinolines was also completely unknown; an interference with the
energy metabolism of the cell now seems responsible for at least part of the
toxicity produced by these agents (see III.2.3.B).
In regard to the class of alkylating agents much more evidence is available.
It is, however, still impossible to describe their antitumor effect in precise
metabolic terms. On account of their chemical reactivity, the alkylating
agents may interact with a number of receptors of both normal and neoplastic
tissues. The interactions appear to be funneled into effects on glycolysis (see
section III.2.2), nucleic acid and protein synthesis and function (see section
III.1.4.).
Multiple metabolic effects may be induced by compounds bearing a structural analogy to, but lacking the functional activity of, the corresponding
metabolites (see sections III. 1.1-1.4 on antimetabolites). From the very nature
of their chemical constitution it may follow that the prime sites at which these
analogs link up with the metabolism of the tumor cell, are known. The mechanism of action of the antifolics and of azaserine is relatively the most simple,
since these compounds appear to act, either exclusively or predominantly, as
competitors of folic acid and glutamine, respectively. However, since the folic
acid system and glutamine function in a number of important metabolic
reactions, the biological end-effect will be attained by inhibition of a number
of reactions of which the relative contribution to the end-effect may vary in
different biological systems. The situation may become complicated whenever the antimetabolites are incorporated into more complex molecules as,
for instance, into those concerned with nucleic acid metabolism. First, anormal
intermediates (nucleotides) which are inhibitory to the normal reaction
sequences of coenzyme and nucleic acid synthesis, may be formed. Second,
"fraudulent" products may be formed such as nucleotide coenzyme-analogs;
being afunctional or inhibitory, they may paralyze the reactions dependent
upon the corresponding normal coenzymes. When the coenzymes or cofactors
are concerned with glycolysis and respiration, such as nicotinamide-adenine
dinucleotides (NAD and NADP), flavoadenine dinucleotide, coenzyme A, and
the adenine and guanine nucleotides which function in the phosphorylative
processes, energy production may be impaired. In addition, synthetic reactions dependent upon such coenzymes or cofactors, (e.g., guanine nucleotides
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in amination processes and microsomal protein synthesis, coenzyme A and
cytosine nucleotides in fatty-acid or phospholipid synthesis) may also become
inhibited. Such an interference by purine analogs may especially affect the
metabolism of those neoplastic tissues which are known to contain low levels
of the coenzymes. In addition, some antimetabolites have also been shown to
become incorporated into high molecular weight products such as RNA and
DNA, and thus to give rise to afunctional or fraudulent templates.
Though the purine and pyrimidine antimetabolites are metabolized by the
same enzymes which handle the normal metabolites—pointing to a lack of
specificity on the part of these biocatalysts—the creation of abnormal types
of mono-, di, or polynucleotides might thus conceivably affect metabolic
performances, since anywhere along the metabolic sequences and at various
levels of molecular complexity the lack of specific structure may become
manifest. However, in this complex of possibilities created by the initial
enzymic blunder, it is very difficult to establish which of the affected reactions
is responsible for the biological end-effect. It may even be asked whether in
certain cases any simple inhibition can at all be singled out as the cause of the
end-effect. Since low molecular compounds usually have a higher turnover rate
than macromolecular ones, the effects of analogs which interfere with the
former may become manifest earlier in time and may be more readily reversible
with time than in the case of the latter. It may thus be possible that a single
injection of, say, a purine antagonist may lead to an inhibition of the respiration of the tumor within a short time by interfering at the nucleotide level with
coenzyme and cofactor synthesis or function; any effect on tumor growth in
the intact animal cannot, of course, be observed during this period. Without
further administration of the drug, the respiration may become quickly
repaired and no effect on the tumor be observed. Continued administration,
however, may lead to an observable inhibition of tumor growth. In that case,
the antimetabolite may, in addition, have been incorporated into more
(including very complex) products and may have produced a sufficient
alteration or inhibition of RNA or DNA metabolism to disturb the maintenance of the integrated cellular functions irreversibly. In such a case, it is
hard to say whether the respiratory impairment, the creation of more complex
faulty products, or both, results in the biological end-effect. In fact, by introducing the antimetabolite many different biochemical reactions may be
affected with mutually potentiating effects. Accordingly, it may be very
difficult to establish whether a certain biochemical lesion is the direct cause
of the interference of the drug with a particular receptor or the effect of another
lesion produced by the drug.
The connection between metabolic disarrangement and drug-effect may be
demonstrated by the method of inhibition analysis. Such an analysis can be
carried out in vitro with isolated tissue or cell-free preparations while the
result is expressed in metabolic terms. Since one has, however, to deal in

P. EMMELOT

reality with a tumor growing in situ, the inhibition analysis must ultimately
be carried out in vivo, both on the metabolic level by measuring reaction rates,
coenzyme concentration, etc., and on the biological level by measuring tumor
growth and host survival. The counteraction by nicotinamide of the antitumor
effect of some alkylating agents in combination with the measurement of the
NAD-level in treated and untreated tumors [see section III.2.2.A], the
counteraction of antifolics by folic acid and its derivatives (250) or by certain
products of biosynthetic reactions dependent upon folic acid (280), and that
of mercaptopurine by adenine nucleotides [see sections III.1.1.B(3) and
III.2.LA] illustrates that the method of inhibition analysis is applicable to
mammalian cells growing in vivo. Tissue culture may be of considerable help in
this respect. However, it should be kept in mind that, when more complex
compounds (e.g., NAD; coenzyme A; nucleic acids) are administered to
integrated biological systems (in vitro or in vivo), positive effects might
actually result from smaller products derived from the administered
ones. Negative effects, on the other hand, might be due to permeability
barriers.
The comparative study of susceptible and resistant tumors may yield
insight into the mechanism of drug action. Thus, if a drug affects a certain
biochemical reaction in both types of tumors to the same extent, the particular
inhibition might not be connected with the growth inhibition of the susceptible
tumor. However, such a finding should be considered as an indication rather
than as evidence since the resistant tumor might have developed a concurrent
metabolic pathway which nullifies the effect of drug action on the former
pathway. If so, the inhibition of that pathway in the susceptible tumor might
still be connected with the growth inhibition. On the other hand, a decreased
or lack of inhibition of a certain reaction by a certain drug in the resistant
tumor, as compared with the susceptible tumor, may indicate that the
particular reaction is directly or indirectly involved in drug action in the
susceptible tumor. The same considerations apply to the metabolism of the
drug itself. Thus, the finding that drugs are anabolized (certain antimetabolites) or activated (latent drugs) in the susceptible but not in the resistant
tumor, suggests that a drug metabolite is the actual inhibitor.
The unknown role played by the host's defences provides a complicating
factor in establishing the correlation between the effect of a given chemotherapeutic agent on tumor metabolism and the biological end-effect. Since
spontaneous regression is known to occur in a certain percentage of highly
anaplastic rat tumors growing in their present hosts (but in origin from
foreign hosts) it may be concluded that the "antigenic simplification" may
not be complete and that under certain circumstances the host defences may
overcome the homograft. Recent findings may indicate that primary tumors
and isologous transplants contain tumor-specific antigens (16a, 163a, 580a,
698a). If so, it may follow that the host defences also operate in these cases.

m.
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Some evidence is accumulating that the compatibility of the transplanted
tumor with its host diminishes when the tumor is damaged by chemical treatment. Cortisone, which inhibits the general immunological response, has been
found to decrease significantly the number of regressions or to prevent the
tumor inhibition induced by treatment with several anticancer agents, e.g.,
mercaptopurine (638) and polycyclic hydrocarbons (266). It may be that the
more pronounced antitumor activity of several drugs on anaplastic rat tumors,
as compared with that on strain-specific mouse tumors, is due partly to an
immunological effect. These topics have recently been discussed by Klein (377).
The increased incidence of metastases following cortisone treatment of tumorbearing animals, is also in line with the operation of an immunological defence
of the host against the tumor.
A situation analogous to the one described for the anaplastic rat tumor may
exist in the human female suffering from postpartum choriocarcinoma. This
choriocarcinoma has its origin in placental tissue and thus owes its existence,
in part at least, to the germ plasm of the consort; the tumor may be considered
as a graft from the offspring to the mother and, in principle, to be able to elict
an antibody response. About two-thirds of those patients with disseminated
disease achieve complete remissions by chemotherapy. This unique response
has been attributed to the possibility that the chemotherapeutic treatment,
by causing only partial destruction of the tumor, liberates substances from
the tumor which initiate an antibody response, by which destruction of the
tumor is obtained (118a). Chemotherapy has been a failure in the treatment
of the male choriocarcinoma which is entirely derived from autologous
tissue.
The point of view that immunology may contribute to the success of chemotherapeutic drugs (or vice versa) has received support from experiments in
which mice that survived systemic leukemia following treatment with halogenated derivatives of amethopterin [see section III.1.1.B(2)] showed immunity on reinoculation of the leukemia (252). Conceivably, chemotherapeutics may so alter or influence tumor cells that homograft characteristics
are required or unmasked, thereby facilitating therapy (253). It has also been
found that resistance to therapy does not necessarily imply abrogation of the
effectiveness of the immune response (254).
The general experience that the success of experimental cancer chemotherapy often depends upon the time interval between transplantation of the
tumor and treatment has also been regarded as an indication that an alteration
of the host-transplant relationship rather than an antitumor effect per se
constitutes an important effect of drug treatment (375). On the other hand, a
drug-induced immunological tolerance has been observed (587) in that
mercaptopurine suppressed the antibody response to human serum albumin
in the rabbit; an inhibition of antibody synthesis by azaguanine in vitro has
also been reported (181). The administration of suboptimal concentrations of
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certain carcinostatic agents to tumor-bearing mice has actually been found to
lead to an increase of lung metastases (380). This might indicate that under
such conditions host resistance factors are impaired. Furthermore, it would be
interesting to know whether incorporation of anormal constituents (drugs)
into biological macromolecules may confer antigenicity. It follows from the
present discussion that the tumor-host relationship may be of paramount
importance to the chemotherapeutic response. In the following discussion
attention will be confined to the interaction of certain drugs with tumor cells.
This should, however, not distract from the fact that a number of antitumor
agents, especially hormones, may act indirectly, that is, via an effect on the
host other than an immunological response. This is certainly so in the treatment
of hormone-dependent tumors by means which suppress the internal secretion
of those hormones on which tumor growth depends.
Tissue culture techniques (54, 322) allow a study of the direct effect and
mode of action of drugs on cancer cells, not complicated by host mechanisms.
However, the biological end-effects in vitro do not always correspond with
those obtained in vivo. Possible reasons for these differences have been discussed (322) (see section IV).
It should finally be pointed out that most anticancer drugs only retard or
inhibit the growth of transplanted tumors. Regression of well-established
experimental tumors by purely chemical means is seldom seen and a definite
cure is even more exceptional. As already mentioned, carcinostasis is a function of the volume of the tumor: small tumors are more susceptible than large
ones. This phenomenon might be of value in administering postoperative
chemotherapy as an adjunct to surgery in the cure of microscopic metastases
and circulating tumor cells resulting from the inadvertent "seeding" of tumor
cells in the wound fields. For this purpose, probably nontoxic doses could be
used (598). Preliminary clinical results have, however, shown that this
procedure yields no general success (325).
In conclusion, and disregarding indirect mechanisms of action either as
cause (certain hormones) or result (immunological response) of drug treatment,
it may appear that the course of events lying between the primary interaction
of an antitumor drug with cellular metabolism and the final death of the cell is,
in general, complex. Evidence in cancer chemotherapy for drug interaction
with one particular metabolic event or receptor leading to the immediate
death of the affected cell, is scarce if not lacking. The primary interaction may
be difficult to distinguish from the results of drug action. Drug action may also
be diffuse in that various primary interactions are involved. The integrated
metabolic state of the cell, the primary interaction(s) of a drug with the former,
and their results on metabolism should be known in order to arrive ultimately
at a rational chemotherapy of cancer, i.e., to obtain a basis for the development
of more successful drugs.
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III. CHEMOTHERAPEUTIC TARGETS
III A.

Nucleic Acids and Proteins

The significance of nucleic acids in cellular proliferation makes the inhibition
of their synthesis or function a logical point at which to attack the cancer cell.
DNA and RNA are polynucleotides consisting of nucleotide subunits. Four
ribonucleotides and 4 deoxyribonucleotides are arranged in a special sequence
to form the RNA- and DNA-strands, respectively. In addition, very small
amounts of nucleotides containing so-called " o d d " bases (e.g., in s-RNA) may
be present. Each nucleotide consists of a purine or pyrimidine base attached,
via N-9 in the case of the purines and N-l in the case of the pyrimidines, to the
C-l of ribose (R) or 2'-deoxyribose (in RNA and DNA, respectively), the latter
containing a 5'-phosphate group which, in the intact polynucleotide, forms an
Η

Η

H C 2^ / C — g /

H C ^ C H

Purine

Pyrimidine

NH2

-N^

^

Ο

^

Ο

H C — C H O H — C H O H — C H — C H 2— Ο — Ρ — O H
I

Adenylic acid

OH

FIG. 1. Constituents of nucleic acids.

ester bond with the hydroxyl at the 3'-position of the sugar of the next nucleo
tide. The 4 bases in RNA are the 2 purines, adenine (A) and guanine (G), and
the 2 pyrimidines, cytosine (C) and uracil (U). In DNA, uracil is replaced by
thymine (T). The ribonucleotide containing adenine is abbreviated as AMP
or ARP (adenylic acid, adenosine-5'-phosphate). Adenosine stands for the
nucleoside of adenine, which is the nucleotide less its phosphate group, and is
represented by AR (Fig. 1 and Table I).
Ribonucleic acid (RNA) has been shown to be abundantly present in rapidly
dividing cells [Caspersson, in Brachet (67)]. RNA appears to be concentrated
both in the nucleus and in the cytoplasm. Part of this RNA is present in
ribonucleoprotein particles (ribosomes or Palade granules) which are either
attached to the membranes of the endoplasmic reticulum or are free. In addi
tion, a low-molecular-weight RNA is present in the soluble fraction (s-RNA).
The latter and the ribosomal RNA play an important role in protein synthesis
(98,109,113,131,696). Amino acids are activated in the soluble fraction with
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TABLE I
NUCLEIC-ACID BASE CONSTITUENTS AND PRECURSORS
Type

Substituents

Nucleoside

Adenine
Guanine
Cytosine
Uracil
Thymine
Hypoxanthine
Xanthine
Orotic acid

Purine
Purine
Pyrimidine
Pyrimidine
Pyrimidine
Purine
Purine
Pyrimidine

6-Amino
2 - Amino - 6 -hydroxy
2-Hydroxy-4-amino
2,4-Dihydroxy
2,4-Dihydroxy-5-methyl
6-Hydroxy
2,6-Dihydroxy
2,4-Dihydroxy-6-carboxy

Adenosine
Guanosine
Cytidine
Uridine
Thymidine
Inosine
Xanthosine
Orotidine

Nucleotide

Adenosine-5'-phosphate or adenylic acid (AMP)
Guanosine-5'-phosphate or guanylic acid (GMP)
Cytidine-5'-phosphate or cytidylic acid (CMP)
Uridine-5'-phosphate or uridylic acid (UMP)
ThyTnidine-5'-phosphate or thymidylic acid (TMP)
Inosine-5'-phosphate or inosinic acid (IMP)
Xanthosine-5'-phosphate or xanthylic acid (XMP)
Orotidine-5'-phosphate or orotidylic acid (OMP)
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adenosine triphosphate (ATP) as energy source and then bound to s-RNA,
each amino acid being bound to a specific s-RNA. This complex functions as a
carrier of the amino acids to the ribosomes where a guanosine triphosphate
(GTP)-dependent incorporation of amino acid into the peptide linkage occurs,
thus:
amino acid-f- ATP

>

amino acyl ~ AMP + pyrophosphate

(la)

amino acyl ~ AMP + s-RNA

>

amino acyl ~ s-RNA + AMP

(lb)

>

ribosomal polypeptide

(lc)

GTP

amino acyl ~ s-RNA

It is thought that the base sequence of the RNA present in the ribosomes bears
the coding (template) which directs the specificity of the newly formed protein,
with the s-RNA functioning as the adaptor.
The DNA molecules of the chromosomes (genes) bear the genetic informa
tion of the cell. The information must be transmitted to the cytoplasm in order
to be available there for protein synthesis. Although indications for a release
of nuclear RNA into the cytoplasm have been obtained for some time, it is
only recently that convincing evidence has been presented for the role of RNA
as a transmitter of the information residing in DNA (40). A DNA-dependent
synthesis of RNA with a base sequence complementary to that of DNA has
been demonstrated (105). A RNA-dependent synthesis of protein with a
RNA-specific amino acid sequence has also been obtained (405, 406, 486).
Accordingly, the genetic information can be transmitted from DNA to RNA to
protein, the last carrying the phenotypic expression of the genetic information.
Since in the mature mammalian cell much of the protein is synthesized in the
extranuclear ribosomes, it has long been thought that the ribosomal RNA
per se contained the coding information. However, recent findings on induced
enzyme synthesis in bacteria have shown that a so-called messenger, or
informational, RNA with a short life-time is synthesized on the DNA and,
after release, attaches* itself to the ribosomes [Gros, in (132)]. As yet, however,
no indication for the existence of a short-living messenger-RNA in resting
mammalian cells has been obtained. It may be that most nuclear RNA's are
transmitted to the ribosomes early in the life-span of these cells and remain
there permanently; only following a change in environmental conditions,
might this information be abolished or supplemented. Mechanisms for the
induction and repression of enzymes involving RNA and DNA templates have
been proposed (132, 349). Similar mechanisms may be operative in cell
differentiation leading to the expression of a specific part of the potential
genetic information. Once expressed, this information appears to be stable
in situ. Growth regulation and the action of trophic hormones may be con
sidered to be mediated by short-living messenger-RNA's which replenish the
more permanent cell-specific information.
In DNA duplication, transcription of the information from DNA to RNA and
* To form the so-called polysomes.
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translation from RNA to protein, the sequence of the individual building
blocks of the newly-formed macromolecules is determined by a common prin
ciple. Nucleic acid bases—in the form of either deoxyribonucleoside or ribonucleoside triphosphates or s-RNA-amino-acid complexes—combine via
hydrogen bonds with the bases of the "parent" template nucleic acid, adenine
pairing with thymine or uracil and guanine pairing with cytosine (Fig. 2),
followed by polymerization of the nucleotides or amino acids to yield the com
plementary nucleic acid strand or the protein. After unwinding of the DNA
double-helix (Watson-Crick model), which consists of two complementary
strands, two new strands are synthesized, complementary to each original
strand. On the DNA strand a complementary RNA strand may be formed
(Fig. 3). In protein synthesis, part of the sequence of each specific s-RNA
orients itself complementary to the template RNA; it seems that a triplet

Η

A:U

G:C

FIG. 2. Nucleic acid base-pairing. Left: adenine with uracil. Right: guanine with cytosine.

base sequence contains the information for one amino acid, viz., determines
its relative position in the peptide chain (Fig. 3).
Arrest of DNA synthesis does, and chemical interaction with DNA templates
may prevent DNA duplication in the premitotic cell and consequently abolish
mitosis. Interference with RNA or DNA (synthesis and structure) will affect
protein synthesis and, accordingly, enzymic function. Nucleic acid anti
metabolites have been shown to inhibit the adaptive (induced) enzyme
formation in bacteria and mammalian cells; the inhibition of antibody
synthesis by similar compounds in the mammal (181, 587) may be considered
as an analogous phenomenon.
It is noteworthy that tumor cells contain large nuclei with hypertrophic
nucleoli. A large part of the metabolic economy of the tumor cell must be
directed to the maintenance and synthesis of the nuclear materials; 40% of
the protein of the tumor cell and more than 30% of the RNA has been re
covered in the nuclear fraction of both animal and human cancers (390).
Tumor cells frequently contain a higher amount of DNA, corresponding to
their aneuploid chromosome number, than do normal cells. Tumor nuclei show
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also an enhanced protein synthesis, especially of histones (11, 94) and an active
nucleic acid synthesis. These and related findings warrant the search for anti
tumor agents in the nucleic acid area. For a discussion of nucleic acid synthesis
in the neoplastic cell, the impact of nuclear changes on the biochemistry of
tumor tissue and the nucleolus of cancer cells, the reader is referred to the
reviews of Goldthwait (257), Kitt (376) and Busch et al. (95b).
In comparing the effect of drugs on normal and tumor cells the following
consideration may be of interest in the present context. Normal differentiated
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cells in the resting state exert many specific functions which are nonessential
to the survival of the cell per se, that is, these cells contain a certain amount
of nonvital machinery (enzymes; RNA and DNA templates). There are also
indications that at least some of the vital machinery (e.g., respiratory enzymes)
may be present in excess to the actual needs. By contrast, in tumors, especially
in many transplanted ones, much of the nonvital machinery may be lacking
(or repressed in expression), whereas the vital machinery is operating at top
capacity. In proliferating cells, an active synthesis of nuclear RNA and trans
port of the latter to the cytoplasm is likely to occur in order to equip the ribo
somes with vital information. In differentiating and differentiated cells
much of the information (RNA) molded on DNA, transferred and expressed
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(protein), will be nonvital for the cell itself. These fundamental differences
should be kept in mind whenever metabolic inhibitions produced by antitumor
drugs in cells, or the binding of antitumor drugs to cells of normal and tumor
tissues, are compared. An equal degree of binding of, for instance, a biological
alkylating agent to normal and cancer cells may impair the survival of the
tumor cells to a greater extent than that of the normal cells. Moreover, growth
regulation can be considered to be mediated by a mechanism operating as a
result of differentiation, and whatever the exact mechanism may be, it is
evident that at least part of the mechanism (e.g., one loop of a feedback
mechanism) must be anchored to the cells which are being regulated. When
the damage inflicted upon normal tissue by a drug is confined to specific
enzymatic functions, including the growth regulatory mechanism of the cells,
a compensatory synthesis may result which actually leads to formation
of new cells due to the disturbance of the growth regulatory mechanism in
these cells. Given the time to differentiate, the equilibrium will be restored.
Also, if a certain proportion of the cells were killed by the drug, a regeneration
would set in. The increased incorporation of RNA precursors and amino acids
into the liver 12 hr after administration of the alkylating agent aminouracil
mustard (162, 337) may be taken as representative of the regenerative process.
It should, however, also be noted that the performance of the organism as a
whole allows only a critical amount of cells, or their specific functions, to be
eliminated by drug action.
We shall now proceed to discuss how antimetabolites of glutamine, folic
acid, purines and pyrimidines, and the alkylating agents may interfere with
the metabolism (synthesis and function) of the nucleic acids and the nucleotide
coenzymes and cofactors. To this end, some knowledge of the patterns of
nucleic acid synthesis is essential.
The biosynthesis of the ribo- and deoxyribonucleotides, the constituents of
RNA and DNA, may be summarized as follows:
De novo and constituent precursors

>

Ribonucleotides (AMP, GMP, CMP, UMP)
(2a )

Constituent precursors

>

Deoxyribonucleotides (2 /-deoxyAMP,
—GMP, —CMP, —TMP)
(2b)

III. 1.1.

SYNTHESIS OF RIBONUCLEOTIDES AND RNA;

INHIBITORS : AZASERINE,

DON,

6-MERCAPTOPURINE,

AMINOPTERIN,

THIOGUANINE,

AMETHOPTERIN,

2,6-DIAMINOPURINE,

8-AZAGUANINE,

6-

6-URACIL

METHYLSULFONE, 6-AZAURACIL, AND 5-FLUOROOROTIC ACID

Ribonucleotides are formed via 2 concurrent routes:
1. Synthesis de novo from small precursor molecules, involving 2 distinct
pathways:
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a. De novo synthesis of purine-containing nucleotides,
b. De novo synthesis of pyrimidine-containing nucleotides.
2. Incorporation of constituent molecules (preformed purines and
pyrimidines):
a. By the nucleoside phosphorylase-catalyzed reaction of base plus ribose-1 phosphate to form inorganic orthophosphate (Pj) and the corresponding
nucleoside, followed by a phosphorylation of the latter to the nucleotide by
a nucleoside phosphokinase,
A + R-l-P

>

~p

Pj + A R

>

AMP

b. By the pyrophosphorylase-catalyzed reaction of base plus 5-phosphoribosylpyrophosphate (5-PRPP) to form pyrophosphate (PPj) and the corre
sponding nucleotide,
A + 5-PRPP

>

PP t + AMP

The metabolic pathways can be schematically represented as shown in
reactions 3 and 4.
A

<>|
2

AMP
/

Ua)
Denovo

>

IMP{
(2)

I

Η

(3)
GMP
(2)|

G
C

(2)1
De novo

Ub)

>

UMP

CMP
/

(4)

(2)|

u
The relative rates of the various reactions may vary among different
biological systems. For instance, enzymes which convert the free bases to the
nucleosides or nucleotides may be absent or very little active. The bases may
be degraded by other enzymes before the latter reactions may take place. A
preformed base may depress the de novo synthesis of its own nucleotide by
some feedback mechanism [uracil and de novo UMP synthesis in bacteria (690,

692)1

3. The ribonucleotides are converted to the corresponding di- and tri
phosphates (e.g., A M P - > A D P ^ A T P ) and the latter are either used as
cofactors or built into coenzymes and polymeric RNA. A polynucleotide
phosphorylase is known which converts nucleoside diphosphates to RNA
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(Ochoa), the triphosphates are incorporated into microsomal and soluble
RNA, whereas the net, DNA-dependent, synthesis of RNA occurs also with the
4 nucleoside triphosphates (105).
III. 1.1. A. De Novo Synthesis of Ρurine-Containing Ribonucleotides. The
elucidation of this pathway is largely due to the investigations of Buchanan
and Greenberg and their co-workers (87,103, 314). The following sequence of
reactions* has been found to operate:
R-l-P

—

R-5-P

R-5-P + ATP

—

5-PRPP + AMP

(6)

Glutamine + 5-PRPP

—

PRA + glutamic acid + PPi

(7)

Glycine + PRA + ATP

—

GAR + ADP + P.

(8)

H 2C — N H 2
I

0=C—OH

+ H 2N
£
R—Ρ

(5)

I
0=C-NH
LR—p

GAR + 'HCOOH'-folic acid derivative

F

G R
A

(9)

H 2C — N H 2
I
+ 'HCOOH"
'
0=C—NH

U
LR
F

G R
A

+ glutamine +

—Ρ

+H 20

A P
T

H 2C — N H
—
>
I
^CHO
0=C—NH
I
LR — Ρ
FGAM + ADP + Pi + glutamic acid
(10)

-

H 2C — N H
I
^CHO + N H 2
0=C—NH
<
L R - P

F

G M
A

+

+ aspartic acid

HC—Ν
ii
χ5CH
H 2N — C — Ν
I
R—Ρ

U
^-R—Ρ
A I R + ADP +

A PT

-

L R — Ρ

+ CO2 + A T P

H 2C - N H
I
^CHO
H N = C~ N H

>

H 2C — N H
I
M3HO
HN=C—NH

A I R

>

>

^

(11)

HC—N.

*CH
II
HoN—C - N ^
I
R—Ρ

-

AICAR + fumaric acid + ADP + P,
(12)
H 9N x
=
0
Ο
I
C 0 2; ATP + aspartic acid
C—N^
II
^CH
H 2N - - C — N ^
I

AICAR + "HCOOH"-folic acid derivative

R—Ρ

(13)
IMP + H 20
* In the reactions, RP stands for ribose phosphate; PRPP for phosphoribosyl pyro
phosphate; PRA for 5-phosphoribosylamine; GAR for glycinamide ribotide; FGAR for
α-iV-formylglycinamide ribotide; FGAM for α-iV-formylglycinamidine ribotide; A I R for
5-aminoimidazole ribotide; AICAR for 5-amino-4-imidazolecarboxamide ribotide.

III.

H 2 N

^

Η

N/

C

-

N
^

I

CH + " H C O O H '
C
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— /N

II

H C ^ N/ C — N /
R—Ρ

R—Ρ
GTP, aspartic acid
->
(via succino-AMP,
i.e., adenylosuc
cinate)

IMP<

NAD+

glutamine, ATP
>

XMP

(14a)

AMP + fumarate + GDP + P,

GMP + glutamate + ADP + P t

(14b)

Finally, the metabolic precursors of inosinic acid are summarized in
Fig. 4.
co 2

aspartic acid
(amino N)
0

\
II f
HN^'hC-

y

•

. formate

L

formate

^

glycine

glutamine
(amide N)
FIG. 4. Precursors of inosinic acid.

III.l.l.B. Inhibitors.
III.l.l.B(l). Glutamine antagonists. Azaserine (1953) and DON (1956) have
been detected in culture filtrates of 2 species of Streptomyces because of the
ability of such filtrates to retard the growth of a mouse sarcoma {537, 538).
COOH
I

H- - C - N H 2
I

COOH
I
Η—C—NH2
I

Η—C—NH2

CH2

CH2

CH2

CH2

Ο

COOH

<U
I

(I)
L-Glutamine

<U

I + =N
Η—
C
(II)= N =
O-diazoacetylL-serine
(azaserine)

CH2
C=0
I +
H—C=N=N
(III)
6-diazo-5-oxoL-norleucine
(DON)

The antibiotics were isolated from the fermentation broths and found to be
markedly inhibitory to a number of tumors, DON being approximately 50
times more active than azaserine on a dose basis.
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In the de novo synthesis of the purine skeleton, glutamine functions as amino
donor in 2 animation reactions (compare reactions 7 and 10). It was established
by Buchanan et al. (86, 297) that both these reactions were inhibited by the
two drugs in cell-free systems of pigeon liver, especially the reaction 10 leading
to a-i^-formylglycinamidine ribotide (267, 312, 468, 608, 609, 641). DON
exerted an equivalent inhibitory response on the latter reaction at onefortieth the concentration required for azaserine; 100 times higher concentra
tions of the two drugs were necessary to obtain a 50% inhibition of reaction 7.
During short periods of incubation of the enzyme preparations with drug
and limiting amounts of a-iV^-formylglycinamide ribotide, the inhibition of
reaction 10 is of a competitive type in respect to glutamine. However, when
either one of the 2 drugs is preincubated with the enzyme preparation, even
for a very short period of time, noncompetitive inhibition results since no
amount of glutamine suffices to reverse the inhibition. Results of experiments
on reaction 10, carried out with excess substrate over longer periods of incuba
tion with the drugs (no preincubation), showed also that glutamine rather
delayed than protected the enzyme from inactivation. The latter findings may
indicate that a direct chemical reaction between drug and enzyme takes place.
Diazoketones may react with amino, hydroxyl, and mercapto groups in a
reaction involving rearrangement by anionic migration, thus:
RCOCHN 2 + R ' N H 2
>
(drug)
(enzyme receptor)

R C H 2C O N H R ' + N 2
(drug-receptor complex)

(15)

This reaction is an acylation rather than an alkylation; DON, for example,
might introduce an α-aminoadipic acid residue into the enzyme. A mechanism
of action for the enzymic activation of the amide-NH 2 group of glutamine as
an aminating agent has recently been proposed (24), with pyridoxal phosphate
acting as the coenzyme (Fig. 5A). Azaserine and DON were considered to
replace glutamine noncompetitively following an irreversible alkylation of
the phosphate group of the pyridoxal-phosphate-drug complex (Fig. 5B).
The actual course of the two reactions illustrated by reaction 15 and Fig. 5B
is that the diazoketone loses nitrogen to form a ketocarbene, containing
a free pair of electrons, which may either react directly according to reaction
16a (Fig. 5B) or isomerize first and then react according to reaction 16b
( = reaction 15). More recent evidence shows (233a) that azaserine (as diazonium salt) alkylates a cysteine-SH group of the FGAR amidotransferase.
RCOCHN 2

•» N 2 + RCOCH

R C O C H 2O P =
(reaction 16a)

R'NH2
R C H 2C = 0
I
NHR'
(reaction 16b)
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The specificity of action of DON is illustrated by the finding that 4-diazo-4oxonorvaline (DON less one methylene carbon) is not inhibitory to the
aminating enzyme and lacks antitumor activity. In tracer studies, a marked
inhibition of de novo purine synthesis in vitro and/or in vivo was demonstrated
for variety of normal and tumor cells; the inhibition was accompanied by an
accumulation of FGAR. Although the block of the conversion of FGAR to
FGAM appears to be the most critical one, the inability to achieve complete
reversal of the drug effect with purines in various systems suggests that
another site of inhibition must be involved. Inhibition of the amination of
uracil to cytosine derivatives (186) (pathway l b , reaction 24; see section
Ο
II
,C—CH
glutamine
+
pyridoxal
phosphate
+
metal

°(

CH2— C H 2— C — N H
II
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FIG. 5. A. Glutamine activation according to Baker ( 2 4 ) , involving formation of an
azomethine (Schiff's base). B. Azaserine replaces glutamine noncompetitively, following
irreversible alkylation.

III.LLC) and of IMP to GMP (38) (reaction 14b), both involving glutamine,
has been observed; in Novikoff hepatoma cells, this reaction was 10 times less
sensitive to inhibition by DON than the de novo purine synthesis (470).
Amylase synthesis by mouse pancreas is reported to be strongly inhibited
by azaserine (567); however, no marked inhibition of protein synthesis was
seen in various tumors and spleen (304, 408). For instance, Ehrlich-ascites
cells showed a complete inhibition of glycine uptake for the de novo purine
synthesis 10 min after addition of azaserine, whereas no effect on glycine
uptake into the proteins was evident.
Transamination reactions in which glutamine participates may also be
inhibited by the drugs. Transamination reactions in which an azomethine
between amino acid and pyridoxal phosphate is also formed, are stereospecific
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(L-amino acids) and it is of interest that only L-azaserine, but not the D-isomer,
is the glutamine antagonist (see section V.4.1). In bacteria, growth inhibition
by azaserine may be reversed by the addition of certain amino acids. However,
the amino-acid counteracting effect appears to be due to a "prevention" of
the drug effect, the enzyme having less affinity for the inhibitor (coenzyme
protected by azomethine formation with amino acid?) rather than by com
pensating for the inhibition (644). It is of interest that the antitumor effect of
azaserine could be potentiated with a diet deficient in amino acids which are
good reversing agents in the bacterial system.
The effect of the drugs on nucleic acid synthesis appears to condition the
biological end-effect in tumor cells since in a comparative investigation on
various tumors the magnitude of the former effect could be correlated with
the increased survival of tumor-bearing mice (267, 312, 468, 577). The tumors
were much more sensitive to azaserine than was the pigeon-liver system and
it appeared that the drug was irreversibly bound with the enzyme concerned.
The drugs can be classified as irreversible glutamine antagonists.
DON is a better inhibitor of mouse tumors (0.1 mg/kg mouse), whereas
azaserine (5 mg/kg rat) is definitely superior in the rat (537, 538). The toxicity
of the two drugs differ; many of the toxic lesions produced by azaserine
resembled those found after ethionine administration,* but could not be
reversed by methionine (620). However, in man, DON and azaserine are not
active as antitumor agents or too toxic at higher concentrations. This failure
to act as inhibitor is probably not due to the fact that human tumors (at least
those growing in animals under artificial conditions) are different from animal
tumors in showing a much greater ability to incorporate preformed purines
and thus bypassing the blocked reactions. In the case of azaserine it might,
however, be due to the enzymatic destruction of the drug (the L-, but not the
D-form) which is especially pronounced in the liver but apparently lacking in
susceptible animal tumors. The enzymic degradation appears to involve the
α-amino groups with liberation of ammonia and formation of pyruvate (353).
The deamination was highly specific; only one other amino acid, namely
O-acetyl-L-serine was attacked by the enzyme. Acetylserine was also effective
in protecting azaserine from in vitro enzymatic destruction. A similar saving
effect appeared to occur also in vivo: O-acetylserine itself had no effect on the
growth inhibition of an experimental tumor but administered together with
azaserine potentiated the effect of the latter (537, 538).
Peptides prepared from azaserine and DON were as active as enzyme
inhibitors as the parent compounds; their trial in human patients might be
worthwhile. Attention has been called recently to the fact that azaserine, in
contrast to DON and all other chemotherapeutics studied, completely
destroyed human bronchogenic carcinomas cultured in vitro (296).
III.1.1.B(2). Folic acid antagonists. Carbon atoms 2 and 8 of the purine,
* Ethionine may act as an ethylating agent.
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skeleton originate from formate (Fig. 4). The one-carbon fragments are trans
ferred by a specific transformylase with a folic acid derivative, jV 1 0-formyl5,6,7,8-tetrahydrofolic acid ( f 1 0F H 4) , acting as the formyl donor (340, 341).
The latter derivative functions in reaction 13 (carbon 2 in Fig. 4) whereas
another enzyme, cyclohydrolase, converts f 1 0F H 4 to iV^,iV^°-anhydroformylF H 4 (f5~ 1 0F H 4) , which is the formyl donor in reaction 9 (carbon 8 in Fig. 4).
Tetrahydrofolic (FH 4) acid is the reduced form of folic acid (F,pteroylglutamic acid); the hydrogens for the reduction are supplied by reduced
nicotinamide-adenine dinucleotide phosphate. The reduction occurs in two
steps via F H 2. The second step, catalyzed by dihydrofolic acid reductase,* is
inhibited by the antifolics aminopterin and amethopterin ( Ι Ο -8 M) in a non
competitive manner (494, 508). The calculated affinity of the folic acid
reductase system for aminopterin is 100,000 times that for folic acid (675). The
affinity of the enzyme for the antimetabolite is so greatf that the effects of the
drug are not only long-lasting but also impossible to overcome in vivo by giving
large doses of folic acid. However, early signs of toxicity can be reversed by a
relatively stable formy] derivative of FH 4, namely folinic acid (citrovorum
factor [f 5FH 4]) (675a).
The FH2-reductase is present in many cellsx including leucocytes in acute
and chronic myelogenous leukemia but not in normal leucocytes or in those
of patients with chronic lymphatic leukemia (46, 46a).
The structure of folic acid and the two antifolics is shown in structure IV.
COOH
CO—NH—C—(CH 2) 2—COOH

(IV)
when — R ' is — O H and — R is — H , folic acid (pteroylglutamic acid)
when — R ' is N H 2 and — R is — H , aminopterin (4-aminopteroylglutamic acid)
when — R ' is — N H 2 and — R is — C H 3, amethopterin (methotrexate; 4-aminoN1 °-methylpteroylglutamic acid).

The 4-amino derivatives of folic acid are extremely toxic because they
prevent a variety of one-carbon transfers essential to the life and reproduction
of cells.
a. The formation of inosinic acid which subsequently is converted to
adenine and guanine compounds of nucleic acids and coenzymes. Formate and
glycine incorporation into the purine skeleton of the acid-soluble and nucleic
acid fractions arising de novo in a variety of tumors is abolished by the anti
folics. A parallel between the extent of depression of formate incorporation
by aminopterin and the extent of tissue damage in various organs of the rodent
* The enzyme catalyzes also the reaction F —> F H 2, but to a smaller extent.
t The drug acts as an enzyme-titrating agent both in vitro and in vivo, the mode of
inhibition begin designated as stoichiometric. Amethopterin may remain bound to mouse
tissues for periods up to 8 months. For a discussion of the cellular pharmacodynamics
(influx, binding, efflux, and selectivity of action), see (675a).
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has been observed (256). Especially reaction 13 has been shown to be inhibited
in E. coli and mouse leukemia by amethopterin (accumulation of AICAR)
(642, 643).
b. In addition, a number of other reactions involving transfer of one-carbon
fragments (340, 341) in the form of other tetrahydrofolic acid derivatives are
inhibited, such as the serine-glycine interconversion and the formation of
thymidylic from deoxyurylic acid catalyzed by iV^5,Arl0-methylene-FH4
(compare section III. 1.2; reaction 29), and the methionine-homocysteine
interconversion in which iy 5-methyl-FH 4 functions as methyl-donor. The
various reactions inhibited by the antifolics are summarized in Fig. 6.
c. There are some indications that the toxicity of amethopterin is not solely
due to the inhibition of the folic acid reductase system but that the anti
metabolite may also interfere with the further metabolism of F H 4 and its
derivatives (135).
Amethopterin chlorinated in the benzene ring (3',5'-dichloro) appears to be
more effective in leukemic mice than the parent compound. The action of the
chloro derivative was more transitory than that of amethopterin, and larger
doses of the former were required to depress the in vivo incorporation of formate
into the acid-soluble adenine of mouse spleen infiltrated with leukemia. At
comparable doses, both drugs inhibited formate incorporation to a greater
extent in leukemic than in normal spleens, thus confirming their antileukemic
specificity. The dose ratio of chloro- to amethopterin required for equal
incorporation of formate was larger for normal than for leukemic spleen,
indicating that halogenation decreased host toxicity to a greater extent than
the antileukemic effect (585).
III. 1.1.Β(3). Purine antagonists. 6-Mercaptopurine. 6-MP was the first
agent effective against human cancer to be prepared on a semirational basis
(121, 190, 191); the drug produces temporary regressions in about 50% of
children with acute leukemia.
NH2

SH

Η
(V)
Adenine

Η
(VI)
6-Mercaptopurine (6-MP)

6-MP inhibits the de novo synthesis of nucleic acids as evidenced by the
decreased incorporation of C 1 4-formate and C 1 4-glycine (671). The incorpora
tion of adenine into nucleic acid adenine and guanine is not affected (227, 607)
but may be enhanced due to the interference with the de novo synthesis and
a resultant relative increase in the utilization of exogenous purines (453).
Neither 6-MP nor its ribotide affected the synthesis from glycine to IMP in a
soluble enzyme system from pigeon liver (reactions 8-13). However, the
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FIG. 6. Tetrahydrofolic acid (FH4) as carrier of one-carbon groups, f 10 is N(10)
—CHO; f * - 10 is Ν(^}=0—N(10)
; m 5 - 01 is N(5)—CH2—N(10)
;
m5 is N(5)
—CH3

Η
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utilization of IMP appears to be prevented (267) and the incorporation of
hypoxanthine into nucleic acid is also inhibited (159). On the basis of
bacterial studies it has been postulated (192) that 6-MP interferes primarily
with the conversion of hypoxanthine to guanine ribotides. However, in ascites
leukemia cells especially the conversion of IMP to AMP (block 1), and less
that of IMP to XMP (block 2), is inhibited (reactions 14a and b), as shown by
the incorporation of C14-hypoxanthirie (159). Evidence has been presented to
show that 6-MP inhibits after conversion to its ribotide.* On account of these
and similar results obtained with cultured mammalian cells (281) and cell-free
preparations of pigeon liver (570), it may be concluded that 6-MP ribotide
inhibits the de novo purine synthesis at blocks 1 and 2 of reaction 17 (79a).
U)
AMP
de novo

coenzymes
and

GMP

(3)

(17)

RNA

(2)

Block 3 involves inhibition of reaction 12 (461) and particularly of reaction 7,
6-MP ribotide mimicking, in the latter case, the end-product inhibition displayed by naturally occurring adenine and guanine nucleotides and IMP (79a).
In Bacillus cereus an unknown function of a metabolite of guanine is blocked
in particular (101, 444a). 6-MP is an adenine antagonist since the growth
inhibitory effect of the drug can be reversed by adenine, adenosine, and
adenylic acid (281).
Although 6-MP has been found to inhibit the incorporation of glycine into
the nucleic acid purines of 4 different tumors in vitro (267), the growth of only
2 of the latter tumors was retarded by the antimetabolite. There seemed, thus,
to be no correlation between this in vitro test on nucleic acid purine synthesis
and the biological end-effect. However, the results of in vivo tests did point to
a correlation between drug susceptibility and an effect on coenzyme purines.
The incorporation of glycine-2-C 14 into the acid-soluble fraction of the two
susceptible tumors was markedly decreased by 6-MP, whereas the radioactivity of the corresponding fraction of the two resistant tumors was increased (227). The maximal effect was seen 1-2 hr after administration of the
drug and persisted for a relatively short period of time only. The drug was
rapidly metabolized. In vivo the prime effect of 6-MP manifests itself presumably in an inhibition of coenzyme synthesis and/or in the formation of
afunctional analogs of the purine co-enzymes (e.g., NAD, coenzyme A; see
section III.2.1.A). 6-MP also inhibits induced enzyme synthesis in bacteria
and liver (404), and antibody synthesis in mammals. These inhibitions of
protein synthesis are probably mediated through the effect on nucleic acid
* Note that 6-MP ribotide closely resembles IMP (hypoxanthine ribotide), differing
from it only by the replacement of an oxygen atom by one of sulfur at position 6.
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synthesis or function (241, 496). That the drug influenced template formation,
by either inhibition of RNA synthesis or creation of fraudulent messengerRNA or informational-RNA (compare also the effect of azaguanine) rather
than affecting protein synthesis directly, was shown by the finding (586) that
6-MP administered to the rabbit at the height of an antibody response did not
affect antibody formation, whereas the drug suppressed antibody formation
when given simultaneously with the antigen. 6-MP also prolonged homograft
survival. By contrast, incorporation of 6-MP into DNA could not explain the
antitumor effect since the drug was incorporated equally well in the DNA of
both a drug-sensitive and drug-resistant tumor (50). 6-Mercaptopurine
riboside-5'-diphosphate (6-MPRDP) did not serve as substrate for the poly
nucleotide phosphorylase of Μ. lysodeikticus, but acted as a powerful inhibitor
of this enzyme in polyadenine synthesis from ADP (100). The conversion of
6-MP to its ribotide has been demonstrated (431) with 5-PRPP (see III.1.1;
paragraph 2.b), 6-MP has been detected in RNA (500) and 6-MP ribotide in
Ehrlich ascites tumor cells (193). The conversion of 6-MP and other purine and
pyrimidine analogs to the corresponding (deoxy) nucleotides, which in most
cases appear to be the actual inhibitors of cell metabolism, are instances of
"lethal synthesis" (507).
It has recently been pointed out that 6-MP may form a chelate with Cu ions,
and thus inhibit metal-ion-containing enzymes (525) or be bound to RNA via
a metal (290).
6-Selenopurine. This drug is more toxic than 6-MP (452). Like the latter,
6-selenopurine inhibits the incorporation of formate into RNA-guanine and
RNA-adenine but not into DNA-thymine (453). Selenopurine, at high levels,
unlike 6-MP, inhibits the incorporation of adenine.
6-Thioguanine. This differs from 6-MP in its pharmacological effects on the
host (510). It inhibits the growth of Sarcoma 180 at about one-twentieth of the
OH

SH

Η
(VII)
Guanine

Η
(VIII)
6-Thioguanine
(2-amino-6-MP), (6-TG)

concentration of 6-MP; the therapeutic index of the two drugs is the same
(122). 6-TG has been found (575) to inhibit the utilization of guanine for the
formation of acid-soluble and nucleic acid purines (block 1) in ascites-tumor
cells (reaction 18). The incorporation of adenine or of AMP into nucleic acid
adenine and guanine was not impaired. 6-TG did inhibit the incorporation of
IMP into the acid-soluble and nucleic acid adenine (block 2. It is of interest
that this conversion requires the presence of GTP as cofactor: see section III,
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1.1.A; reaction 14a) but not into the nucleic acid guanine (reaction 14b).
Biosynthesis de novo of nucleic acid adenine and guanine from glycine was also
inhibited in the ascites tumors, the duration of inhibition of the synthesis of
adenine being longer than that found for guanine. Impairment by 6-TG of the
accumulation of α-iV-formylglycinamide ribotide in azaserine-pretreated cells
(reaction 10) suggested a block in the de novo pathway prior to the formation
of α-iV-formylglycinamide ribotide (block 3).* The in vitro incorporation of
A

de novo

>

IMP

(18)

G

formate and thymidine into nucleic acid of leukemic cells was also inhibited
by 6-TG (84) and, in addition, the drug became incorporated into tumor
nucleic acids (413a, 574) and inhibited microsomal protein synthesis (1).
Incorporation of precursors into nucleic acid purines was impaired by
thioguanine in both 6-TG-sensitive and -resistant ascites-tumor sublines,
though the inhibition of the various pathways occurred to a lesser extent in
the resistant strain (575). It has recently been shown (410, 574) that 6-TG was
rapidly converted to its nucleotide by two susceptible and two resistant
ascites-tumor strains. Since 6-TG became incorporated into the nucleic acids
of the susceptible strain but only to a slight extent into those of the resistant
strain, there appears to be a correlation between the incorporation of the
antimetabolite into cellular polynucleotides and sensitivity to the drug. One
hour after administration the equivalent of about one-tenth the amount of
6-TG and its nucleotide (469) present in the acid-soluble fraction was incor
porated into the polynucleotides of susceptible tumor (410). In later experi
ments (413), it was shown that the sensitive tumors incorporated much of the
drug into DNA, whereas in the resistant tumors the small drug incorporation
was largely into RNA. Once incorporated, 6-TG was retained in the nucleic
acid and such cells were unable to grow on reimplantation into a new host
(413). All the evidence obtained as yet is in accord with drug incorporation
into nucleic acid and, probably, specifically DNA, being responsible for
the antitumor activity of 6-TG. Despite growth inhibition of B. cereus by
low concentrations of thioguanine, no effect of nucleic acid biosynthesis could
be detected, in contrast to the inhibition resulting from higher concentrations
of the analog (443a). The former finding may be explained by the production
of afunctional DNA (compare below with azaguanine).
Derivatives of 6-MP and 6-TG in which the hydrogen of the mercapto group
* At reaction 7, compare 6-MP and p. 98.
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was replaced by a heterocyclic ring have recently been synthesized (323). The
thioguanine analog, 2-amino-6-(r-methyl-4/-nitro-5'-imidazolyl)thiopurine,
was as active as the parent compound on a molar basis, but only one-fortieth
as toxic (apparently by preferential tissue distribution), despite the fact that
about 40-50% of the drug was cleaved into thioguanine in vivo.
2,6-Diaminopurine. Diaminopurine (54, 83, 428) was in 1949 the first purine
analog inhibitory to the growth of experimental tumors (88). Since its toxicity
in mouse cells is readily reversed by equimolar concentrations of adenine, the
NH2

Η
(IX)

Diaminopurine (2-aminoA)

drug is an adenine antagonist. It appears that diaminopurine (2-aminoA) is
converted to the corresponding ribotide (2-aminoAMP) by adenosine phosphorylase and phosphokinase. On subsequent phosphorylation 2-aminoATP
is formed, and this compound has also been isolated.
2-AminoAMP, on the one hand, is transformed into guanylic acid and
adenylic acid, which are incorporated as the normal constituents of the nucleic
acids. On the other hand, 2-aminoAMP, or a derivative of it, behaves as an
analog of some essential adenine-containing cofactor or coenzyme. The drug
probably exerts its toxicity on this level.
Diaminopurine has been found to inhibit the de novo purine synthesis
(incorporation of formate). This may, however, be related to the finding that
the drug inhibits the reduction of folic acid (172).
A competition at the coenzyme or cofactor level, similar to that found for
diaminopurine, may also result from the administration of 9-j8-ribofuranosylpurine (PR) (X). This compound, also called purine riboside, is one of the
purine derivatives most toxic to tissues in culture and to the intact animal.
PR is phosphorylated to PMP, PDP, and PTP, which accumulate. The fact

(X)

Purine riboside

that AMP and ATP are the most effective in antagonizing the effect of PR in
tissue cultures and that the nontoxic free purine does not lead to an accumula
tion of phosphorylated nucleotides (apparently no ribosidation takes place),
indicates that in PR a concrete example is present of the formation of analogs
(PMP, etc.) that can upset the equilibria of the normally occurring adenine
nucleotides through competition with the latter and their metabolism.
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Diaminopurine and purine riboside might be normal metabolites, present
in too small a concentration to be readily detectable. The latter compound has
been found in at least one biological species. The fact that a normal metabolite,
when present in a high concentration, exerts a toxic effect is by no means
without precedent. Many such cases are known in the microbiological area
and, as regards the present problems, excess nicotinamide, for instance, has
been found (597) to inhibit the growth of Adenocarcinoma 755.
8-Azaguanine. AzG (373, 374) is one of the first antimetabolites introduced
in experimental cancer chemotherapy (in 1949); it is markedly carcinostatic
for a number of experimental tumors. The drug has no significant effect on the
OH

(XI)
8-Azaguanine (AzG)

incorporation of adenine, guanine, or 4-amino-5-imidazolecarboxamide [after
conversion to the nucleotide, AICAR participates in reaction 13] into the
nucleic acids of liver and tumor (102, 668). The carcinostatic action of AzG is
markedly counteracted by A, G, AMP, or GMP (245, 398). However, in one
case at least, administration of guanine has actually been found to potentiate
carcinostasis. This might have been due to the fact that the enzyme guanase,
which deaminates azaguanine to the nontoxic azaxanthine, was crowded by
the natural substrate or inhibited by its product xanthine and thus led to a
higher effective concentration of AzG. Flavotin, 6-chloro-9-(l'-D-sorbityl)^soalloxazine, also increased the antitumor effect of AzG (166, 167). Flavotin
appeared to inhibit xanthine oxidase, as a result of which xanthine accumulated, which in turn was found to inhibit guanase.
As regards the de novo synthesis of the purine skeleton, it has been reported
that AzG inhibits the incorporation of formate. This might not be a direct
effect but rather the result of an interference by AzG of the folic acid system
(172) (compare also 2,6-diaminopurine).
AzG has been found to be incorporated into the RNA of bacteria (669), Tetrahymena, tobacco mosaic virus (447), mouse viscera, and tumors (34). The drug
was incorporated into RNA and DNA of an AzG-susceptible leukemia to
approximately 100 times the amount recovered from another AzG-dependent
leukemia variant (35). Following administration of the drug, approximately
3 times more AzG has been found in the RNA and DNA of mouse Sarcoma 37
than in the livers of these animals, while the uptake of G by the tumor was
negligibly small as compared with the liver (438, 440). Others have failed to
detect AzG in tumor-DNA (397a). In Bacillus cereus, nucleic acid guanine is
replaced for 40% by AzG (442, 449); AzGMP has been isolated from RNA-
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hydrolyzates and from the acid-soluble fraction (442). AzG abolished the
induced enzyme synthesis in liver (389) and in bacteria (140, 141, 142). Since
the RNA synthesis in the latter case, as evidenced by the incorporation of
uracil, was not inhibited, it may be concluded that a nonfunctional RNA
template containing AzG had been formed [compare (106, 107, 108, 110)].
However, since the amount of analog incorporated into RNA appeared not to
be directly related to the inhibition of protein synthesis, it was suggested (541)
that the inhibition of protein synthesis was due to the formation of AzGTP, a
likely antagonist of the cofactor of protein synthesis, GTP. However, the
nucleoside triphosphates of 8-AzG, 6-TG, and 6-MP did not inhibit the in vitro
amino acid incorporation into microsomal protein in the presence of GTP (561).
Moreover, the former conclusion may now seem unwarranted in view of the
small amount of messenger-RNA actually involved in the induced synthesis
of the enzyme. Induced enzymes requiring a continuous synthesis of RNA may
be more sensitive to RNA-base analogs than constitutive enzymes elaborated
by already existing RNA (140,142). (Compare the effect of 6-MP on antibody
synthesis.)
The pyrimidine analog, 2-thiouracil, like AzG, inhibits both the multiplica
tion of tobacco mosaic virus (283, 355, 450, 451, 514) and the induced forma
tion of β-galactosidase in Escherichia coli (284). It has been found that the
inhibition following the induction of the latter enzyme is greater at the time
when the enzyme activity is measured than following the immunological assay
of the enzyme. This has been taken to mean that an altered enzyme protein
was synthesized which still reacted with the immune serum directed towards
the intact enzyme. The loss of enzymatic sites (or at least the proper function)
of the protein was ascribed to the incorporation of thiouracil into the messen
ger-RNA or s-RNA.
AzG also reduced the immunological response in both the mouse and the
rabbit (181,437). Marked inhibitions of the uptake of amino acids into bacterial
proteins in general have been observed as a result of azaguanine addition (111,
443). These effects are antagonized by guanosine, but the later the reversing
agent was added the more imperfect the restoration of protein synthesis was
(112). The synthesis of certain enzymes was more affected by AzG than that
of others. The effects of AzG on B. cereus resembled (111) those of chlor
amphenicol on E. coli, viz., inhibition of protein synthesis but not of RNA
synthesis, accumulation of anormal (chemically unstable) RNA (19) and
inhibition of DNA synthesis especially after one doubling of the DNA had
occurred. Inhibition of protein synthesis occurred after a lag period, suggesting
that the effect was due to the formation of fraudulent RNA (444). Accumula
tion of precursor-RNA in the ribosomes and an increase in DNA-bound RNA
has also been observed in the presence of AzG (495).
It has been found in experiments with microorganisms that large amounts
of AzGMP were present in the terminal positions of the isolated RNA (123).
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Incorporation into s-RNA confers lability (45c, 414b, 501a). The incorporation
of AzG into tobacco mosaic virus and other viruses (448) led to the loss of
the biological characteristic of these particles, namely their infectivity,
which is a function of the virus-RNA. AzG and thiouracil also prevent the
synthesis of phage proteins, perhaps also as the result of an alteration in
the construction of specific RNA templates (356, 357). In microorganisms
there is good evidence that the incorporation of AzG into RNA is the cause of,
or closely associated with, its ability to inhibit growth (438, 440). AzGDP
serves as substrate for the polynucleotide phosphorylase of Azobacter agilis—a
polymer with an average chain length of 10 mononucleotides having been
obtained (416).
It may be assumed then that AzG is rapidly converted to AzGMP (438) and,
by being incorporated, gives rise to afunctional nucleic acids, next to the
interference with cell metabolism exerted at the nucleotide coenzyme and
cofactor level. The inhibition of the nucleic acid synthesis by the drug might
be secondary to the former effects, which may start " chain reactions" leading
to arrest of mitosis and to a final collapse of the whole functional and structural
integrity of the susceptible cell. The decrease in the incorporation of P 3 2phosphate into nucleic acids after in vivo administration of AzG might be due
to these secondary effects. See also (501a).
III.1.1.B(4). Conclusion. The sites of action of the purine antagonists are
diffuse. The antimetabolites are converted to mononucleotides which in the
case of 6-MP and 6-TG, but not in that of 6-AzG and 2-aminoA, inhibit the de
novo purine synthesis. The anormal nucleotides may also interfere with the
utilization of the corresponding nucleotides in other reactions, leading to the
inhibition of the formation of dinucleotide coenzymes (such as NAD) and to
the formation of anormal dinucleotide coenzymes. Incorporation of the
anormal nucleotides into nucleic acids, such as in the case of 6-TG and 6-AzG,
may create fraudulent templates and, consequently, abolish protein synthesis
and, eventually, nucleic acid synthesis.
III. 1.l.C. De Novo Synthesis of Pyrimidine-Containing Ribonucleotides. In
contrast to the pattern of the de novo synthesis of purine-containing ribo
nucleotides, the ribose phosphate is attached to the pyrimidines after the
heterocyclic ring has been formed (382, 418, 536) (reactions 19-24).*
Carbamyl phosphate + aspartic acid

Γ

0=C

COOH
I
2

+

>

USA + Fl

H 2N

COOH
I
CH2

(19)

ι -

H 2N — C — C O O H
0 = C \ N/ € H — C O O H
^ O P 0 3H 2
Η
Η
minus H 20
NAD+
USA
> dihydroorotic acid
> orotic acid
(20,21)
* In the reactions, USA stands for ureidosuccinic acid; OMP for orotidine-5'-P or
orotidylic acid; UMP for uridylic acid or uridine-5'-P; CTP for cytidine triphosphate.
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CTP

ΙΙΙΛΛ.Ί). Inhibitors.
III.l.l.D(l). 6-Uracil methylsulfone. UMS (671) is an antagonist of orotic
acid, it inhibits the conversion of orotic acid to its ribotide competitively
(see III.LLC; reaction 22) in a cell-free system of yeast (326). However,
Ο
II
H N ^ \
oJ.

J-COOH
Η
(XII)
Orotic acid

Ο
II
H N ^ \
o J ^ NJ - S 0 2 C H

3

Η
(XIII)
6-Uracil methylsulfone
(UMS)

in intact cells more than one reaction may be affected by UMS. The other sites
of inhibition may be of more importance than the one just mentioned, as
shown by the fact that in the Ehrlich ascites tumor the synthesis of DNAthymine, but not that of OMP, is inhibited (522). The drug inhibits also the
in vitro incorporation of C 1 4-glycine into the proteins of slices of regenerating
liver (366). UMS is inhibitory to a number of tumors, including lymphomas,
at toxic concentrations. The drug is inactive when administered orally, its
toxicity is also the least under the latter condition, of medium degree after
subcutaneous, and highest after intraperitoneal administration (136). The
toxicity appears to be related to the speed of entry of the drug into the general
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circulation, where it is relatively immune to alteration. There is evidence (144a)
that during the host passage a nonenzymatic reaction with liver SH groups may
take place as shown in reaction 25. The glutathione derivative prepared in

J

+• C H 3S 0 2H

J ^ - S 0 2C H 3

I — S 0 2C H 3 + HSR

SR

'

(25)

SR

vitro is 100 times less active than the parent UMS. The latter reaction, thus,
leads to a drug inactivation but by reacting with tissue SH-groups might
contribute to the toxicity of the drug.
III.1.1.D(2). 6-Azauracil. A complete regression of Adenocarcinoma 755
has been obtained after administration of the uracil antagonist AzU (195).
Evidence has been presented (285, 286, 287, 581, 611, 612, 671) both from
Ο
II
H N ^ \

«-Ο

Ο
II
H N

/

O=u

Η

Η

(XIV)

(XV)

Uracil

N
\

6-Azauracil (AzU)

bacterial and tumor studies that AzUMP (azauridine-5'-P or azauridylic acid)
is the active inhibitor when tumor growth in mice is arrested by treatment
with AzU or AzUR (azauridine). AzUR was about 10-20 times as active as
AzU in inhibiting in vivo tumor growth; AzU was not inhibitory to sarcoma
cells grown in tissue culture, but these cells were markedly inhibited by AzUR
and the latter effect was reversible by uridine (582); these cells apparently
lacked uridine phosphorylase. The major site (block 1 in reaction 26) at which
AzUMP appears to act is the orotidylic acid decarboxylase (III.l .1 .C, reaction
23); in a cell-free tumor system the inhibition of this enzyme by AzUR and
AzUMP, but not by AzU, caused an accumulation of OMP as well as a lower
utilization of orotic acid. In the inhibited tumor (lymphoma) in vivo, orotidine
accumulated (286, 287, 611, 612); a massive excretion in the urine of orotic
acid and orotidine has also been reported (272, 273). Purified orotidylic
decarboxylase is inhibited by AzUMP but not by AzU and AzUR (288); the
inhibition is of the competitive type, one molecule of AzUMP being overcome
by about 10 molecules of orotidylic acid. Evidence that AzU is interfering with
the utilization of preformed uracil in Adenocarcinoma 755 is provided
(185,195, 540) by the finding of a decreased utilization of uracil-2-C 14 for the
nucleic acids of tumor and intestines after in vivo administration of AzU
(block 2 in reaction 26). The fact that the antitumor effect may be reversed
by U, UR or UMP is compatible with both sites (1 and 2) of inhibition. Indirect
evidence that a third reaction is inhibited, i.e., the formation of thymidine-5-P
(block 3 in reaction 26), is furnished by the finding (195) that the tumor-
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inhibitory effect of AzU is counteracted by administration of thymidine
(compare section III. 1.2, reaction 29). It is of interest that block 2 and block 3
are also exerted by the powerful uracil antagonist, 5-fluorouracil. AzU does
not incorporate significantly into the nucleic acids. The results may be sum
marized as shown in reaction 26.
TMP

(26)

AzUDP has recently been reported to inhibit not only the polynucleotide
phosphorylase of E. coli (613), which converts ribonucleotide diphosphates to
polynucleotides, but also the incorporation of amino acid into the s-RNA of
liver (568), thus reducing the in vitro incorporation of amino acids into the
protein of the post-mitochondrial fraction from liver. The latter inhibition was
counteracted by CTP. AzUDP also inhibited the incorporation of ATP and
CTP into the terminal position of the s-RNA. The latter loses its terminal
nucleotides by the action of enzymes present in the soluble fraction. If the
nucleotides cannot be replenished, the s-RNA shows no amino acid acceptor
activity since, for this, AMP should be the terminal and CMP the two next
terminal nucleotides. Since AzUDP blocks the formation of the acceptor
sequence, the inhibition of microsomal protein by the drug is probably me
diated by the former effect (360a). AzUTP inhibits RNA polymerase (248c) *
AzU penetrates very slowly into tumor cells in vivo and is slowly converted
to the riboside (AzUR), followed by a rapid conversion to the ribotide
(AzUMP) which accumulates to some extent in the tumor cells (272, 273). In
the same time, the endogenous synthesis of nucleic acid is inhibited. The
distribution of AzU over the tumor and host tissues does not show much
selectivity (Fig. 7). The drug apparently penetrates into the brain. Therapy
with AzU is often accompanied by psychoses and large doses of the drug lead
to narcosis (673); this effect on the nervous system of man is absent in the
monkey (674).
The situation is wholly different when AzUR is administered. The limiting
part of the reactions, which converts the drug to its toxic form, is now ex
cluded and a very significant accumulation of AzUR occurs in the tumor, to a
much greater extent than in any one of the host tissues listed in Fig. 7. The
selectivity shown by AzUR is promising, especially since the drug does not
appear to pass the blood-brain barrier, thus excluding the undesirable sideeffects mentioned above. Another advantage of AzUR is that, unlike the
ribonucleotides of naturally occurring bases and their analogs, it is not split
to any significant degree by mammalian nucleosidases. This notwithstanding,
toxic side-effects, common to the use of most antitumor agents, were not seen
in patients intravenously treated with massive doses of AzUR. The drug
* Although some AzU is incorporated into bacterial RNA, AzUMP is not phospho
rylated by mammalian cells.
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caused rather striking partial remissions. Welch (674), in whose laboratory
AzUR was synthesized and investigated, has pointed out that "these results
place azauridine in a unique position among cancer chemotherapeutic agents,
since for the first time lethal effects upon a malignant cell-type can be obtained
without analogous effect on normal reproducing cells." See also (613a).
Unlike the reaction in man, in normal dogs AzUR profoundly depressed the
formation of leucocytes (both granulocytes and lymphocytes). This difference
-AzU

-AzUR

tumor cells
ascites fluid
liver
kidneys
brain
spleen
blood

FIG. 7. Relative radioactivity of organs and tissues of mice bearing Ehrlich ascites
carcinomas, 3 hr after intraperitoneal administration of azauracil-4,5-C 14 and 6-azauracil4,5-C 14-riboside. After Habermann (273).

appears to be due to the marked dependence of the canine cells on the de novo
pathway of pyrimidine synthesis, in contrast to the small importance this
pathway appears to have in man. Thus, if in certain leukemic cells of man
there is a partial defect* in the utilization of preformed pyrimidines, these
* The defect should not be complete since AzUR is converted by the uridine kinase
of this pathway to the actual inhibitor AzUMP. Mouse leukemic cells resistant to AzUR
have been found (499) deficient in uridine kinase activity. Recent data from leukemic
patients indicate higher activity of the orotidylic acid decarboxylase in leukemic cells
(289) and a chemotherapeutic effect well correlated with the amount of enzymatic
inhibition by AzUDR in vivo (223). By contrast, in another study in which five ascites
tumors of the mousewere treated with AzUR and the chemotherapeutic results compared
with the effect of the drug on the orotidylic acid decarboxylase of the tumor cells in vitro,
no correlation was apparent in two of the five tumors studied (85a). The possible reasons
presented for this discrepancy by the authors, assuming that a correlation does indeed
exist, illustrate the difficulties inherent in such experiments. See also (96a).
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cells would be almost entirely committed to the de novo pathway as a source
of pyrimidines and, consequently, very liable to inhibition by AzUMP. It has
been observed that the AzUMP inhibition of the de novo pathway in malignant
leucocytes gradually disappears despite continued administration of the drug.
There are two reasons for this phenomenon. First, the accumulation of
orotidylic acid which then competes with the drug for the enzyme receptor,
and, second, the possible adaptive synthesis of orotidylic acid decarboxyl
ase under these conditions (674). This phenomenon invites a quest for other
inhibitors of the de novo pathways of pyrimidine synthesis. AzUR-resistant
cell lines might also be very sensitive to such an inhibitor ["conditioned
selectivity " (672)].* The uridine kinase of the normal tissues would save them
from the action of such an agent.
Until recently, azauridine was administered intravenously in view of its very
poor absorption from the gastrointestinal tract and the very rapid renal
excretion. However, it has now been found (674) that the lipid-soluble
2',3',5'-triacetyl-6-AzUR, given orally, is completely absorbed and yields
sustained blood levels of free AzUR, and similar effects as shown by AzUR.
III.1.1.D(3). 5-Fluoroorotic acid. A system consisting of the high-speed
supernatant of normal rat liver as the enzyme preparation and phosphoglyeerie acid as the source of "high energy" phosphate has been used (629,
Ο

Η
(XVI)
5-Fluoroorotic acid (FO)

630) for the biochemical screening of pyrimidine antimetabolites. This prepara
tion converts C 1 4-orotic acid to uridine nucleotides (III.LLC, reactions 22
and 23), which are separated by chromatography and counted. Of 17 com
pounds studied, only the 5-halogen orotic acids showed an inhibitory activity
that increased in decreasing order of atomic weight of the halogen substituents,
the 5-fluoro derivatives being the most active. Of the carbon-halogen bonds,
the one involving fluorine is the most stable in vivo. (The outstanding effect
conferred by fluorine atoms on biological substrates is known since R. A.
Peters' studies on fluoroacetic acid.)
FO was inferior to 5-fluorouracil (FU) (see section III.1.2.A(2)) in inhibiting
tumor growth and penetrating into tumor cells (62); the former, in contrast
to the latter drug, was not selectively taken up by tumor and thus produced
more systemic toxicity than FU. FO, but not FU, inhibited the conversion of
orotic to orotidylic acid (629, 630). Otherwise, the effects of the two drugs
* Compare with section VI.3.
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were qualitatively similar, though different in quantitative respect due to a
smaller measure of conversion of FO than of FU to FU- derivatives (157).
FO inhibited the incorporation of orotic acid into s-RNA and significantly
reduced the pseudo-uridylic acid content of the s-RNA in liver, whereas FU
did not show these effects; more FO than FU was incorporated into liverRNA (660a).
III. 1.2.

SYNTHESIS OF DEOXYRIBONUCLEOTIDES AND DNA;
6-URACIL METHYLSULFONE, 5-FLUOROURACIL,
I O D O U R A C I L , AND

INHIBITORS:

5-BROMOURACIL,

5-

5-MERCAPTOURACIL

Polymerization of deoxyribonucleotides, which are formed along three
routes, leads to DNA:
1. Deoxyribonucleosides may arise from a reaction between a purine and/or
pyrimidine base and deoxyribose-1-phosphate, analogous to the nucleoside
phosphorylase-catalyzed reaction in ribonucleoside synthesis (27). It has been
Base + deoxyribose-l -phosphate

^

+ ATP
deoxyribonucleoside
>
deoxyribonueleotide

(27)

possible to demonstrate the enzymatic formation of the deoxyribosides of
8-AzG, 6-MP, and thiouracil by the latter type of reaction (234, 235, 632).
Until recently, the enzymatic synthesis of the deoxyribonucleosides was the
only available route to obtain these products. Since 1959 chemical synthesis
has also been feasible.
2. It seems likely, from the evidence available, that the deoxyribonucleo
tides are formed predominantly (at least in mice and rats) from the correspond
ing ribonucleotides by a reductive reaction involving reduced NADP as co
enzyme* (236, 383) (reaction (28).
Γ
1
Base—C—CHOH—CHOH—C—CH 2OPO,H 2
Η
Η

NADPH
>
H+

B a s e — C — C H 2— C H O H — C — C H 2O P 0 3H 2 + NAD+ + H 20
Η
Η

(28)

3. Of the four bases which are present in RNA, uracil is lacking in DNA and
5-methyluracil (thymine) is present instead. De novo thymine is formed at the
deoxyribonueleotide level, as thymidylic acid, from deoxyuridylic acid by a
methylation reaction involving iV5,iV^10-methylenetetrahydrofolic acid as
methyl donor (236, 383) (reaction 29). The antifolics inhibit this reaction by
preventing the formation of the 1-C donor.
* The modern denomination for this coenzyme is nicotinamide-adenine dinucleotide
phosphate, abbreviated to NADP, formerly TPN. Nicotinamide-adenine dinucleotide,
(formerly diphosphopyridine nucleotide, DPN), is abbreviated to N A D .
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Ο
II
H N ^ N

H N ^ \

««1-C"
thymidylate synthetase

°

=

ieoxyribose-5 '-P
(deoxyUMP)

<

H

C
3

(29)

J

cieoxyribose-5 '-P
(TMP)

4. The deoxyribonucleotides are converted to the corresponding triphos
phates by kinases and, subsequently, built into DNA by a DNA-polymerase
(236, 383). DNA-thymine synthesis can thus be represented as shown in reac
tion 30, in which the deamination of deoxyCMP to deoxyUMP is included,
since the latter reaction appears to operate in proliferating cells.
TTP

(4)

-»

DNA-T

(4)

TMP
(2)

(30)

deoxyUMP

>

deoxyCMP

III.1.2.A. Inhibitors.
III. 1.2.A(1). 6-Uracil methylsulfone. UMS does not inhibit the incorporation
of orotate in RNA-uracil and -cytosine in the Ehrlich ascites tumor in vitro (522).
Incorporation of orotate into DNA-cytosine is inhibited for about 25% but that
into DNA-thymine for more than 95%. The uptake of thymidine into DNA is
not affected but the incorporation of formate into the methyl group of DNAthymine is abolished. Since the incorporation of uridine, but not that of
deoxyuridine, into tumor-DNA is markedly inhibited, it may be concluded
that the major site of drug inhibition is located in the conversion of ribonucleo
tides to deoxyribonucleotides (144a). Sulfhydryl groups may be involved in the
latter reaction and UMS probably acts as an alkylating agent (reaction 25). The
situation is illustrated by reactions 31. Only at near-lethal doses of the drug is
the uptake of deoxyuridine inhibited. As an alkylating agent, UMS may
deoxyCMP

CMP

orotate

->

UMP

DNA

RNA

deoxyUMP
thymidine

X

(31)

TMP

j
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then inhibit either the phosphorylation to the deoxyribonueleotide triphos
phates or the polymerization of the latter to DNA (see p. 108). These sites of
inhibition are also illustrated in reactions 31.
III.1.2.A(2). 5-Fluorouracil. This uracil analog has been synthesized by
Heidelberger and Duschinsky (180) and studied in detail by Heidelberger
and co-workers (114, 157, 303, 306, 307). FU, after prior enzymatic conO

Η
(XVII)
5-Fluorouracil (5-FU)
ATP

-2H

version to 2,-deoxy-5-fluorouridine-5,-P (FU + R-1-P->FUR -> FUMP ->
deoxyFUMP) appears to abolish the formation of thymidine-5'-P (block 1,
reactions 32), as shown by the following results:
a. The incorporation of formate into the thymine-methyl of the ascites
tumor cells is, in order of increasing activity, inhibited by FU, FUR (fluorouridine), and deoxyFUR, 100% inhibition being noted at Ι Ο - 8 Μ deoxyFUR
(62).
b. The phosphorylated derivative of the latter compound (deoxyFUMP)
could not be used with intact cells in view of the limited permeability. How
ever, deoxyFUMP inhibited the formation of thymidine-5'-P in a cell-free
system of the ascites tumor, 2 χ 1 0 - 7 deoxyFUMP causing a 84% inhibition;
the thymidylate-synthetase of the latter tumor and of minced Hodgkin's
lymph node was inhibited competitively by deoxyFUMP, 1 molecule of the
latter antagonizing 1700 molecules of the natural substrate, deoxyUMP (298).
DeoxyFUR showed no inhibitory effect on the enzyme in a high-speed super
natant of Ehrlich ascites carcinoma cells, unless ATP was added, which con
verted deoxyFUR to deoxyFUMP, the appropriate kinase being present in the
enzyme preparation (296a). DeoxyFUMP has also been found to be a marked
inhibitor of purified thymidylate-synthetase from Escherichia coli, since it
combined irreversibly with this enzyme (127). In deoxyFUMP the relatively
small fluorine atom (weight 19; van der Waals' radius 1.35 A) closely resembles
hydrogen (weight 1; radius 1.2 A) and is apparently so tightly bound to
carbon-5 that it cannot be displaced enzymatically, in contrast to the corre
sponding hydrogen atom in the parent metabolite.
c. The various FU derivatives have been isolated (62) from ascites cells
after incubation with FU-2-C 1 4.
d. FUR and deoxyFUR may show an increased antitumor activity as
compared with the parent FU on a dose base (308, 540).
e. The incorporation of thymidine in the DNA of various systems, including
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several tumor cell types, is not affected by FU or its derivatives, but enhanced
as a compensation for the blockage of the concurrent de novo route (157,185,
540).
f. Resistant tumor lines either lacked (deoxy) uridine phosphorylase or
their thymidylate-synthetase was insensitive to deoxyFUMP (309).
FUMP

FU

UMP
(3)

~>

deoxyFUMP

RNA
(32)

(2)
"function"

deoxyUMP

- b

TMP

->

DNA

A second block in the functional activity of the cell may be induced by the
incorporation of FU into RNA (block 2, reaction 32) as has been shown to
occur in various biological systems, including tumors (62). FU replaced not
less than half of the uracil in E. cofo'-RNA (338) and tobacco mosaic virus (261,
262). The ability of the substituted virus to promote progeny was decreased.
The impairment by FU of the induction of enzymes in E. coli may be explained
either along similar lines, viz., the creation of "fraudulent" RNA, or by the
inhibition of RNA synthesis. Because incorporation of FU into RNA of E. coli
and B. megaterium (both in the absence and presence of thymidine as reversal
agent of the inhibition of DNA synthesis) led to the synthesis of proteins
modified in their amino acid composition (479) and abnormal enzymes (96),
the former possibility seems likely. A number oiNeurospora mutants have been
shown to revert in phenotype but not in genotype when exposed to either FU
or AzG. This observation may also be interpreted on the basis of a modification
of RNA informational content by analog incorporation (31, 105a).
The incorporation of uracil into RNA decreased in the presence of FU (291,
459, 614); it was suggested that the drug inhibits the pyrimidine nucleoside
phosphorylase (459, 614). This may provide a third block, which is less pro
nounced than block 1 (see reaction 32). Yeast cells synthesize only a little
ribosomal RNA in the presence of FU and large amounts of nonprecipitative
RNA accumulate (369). [The latter may be fragments of fraudulent messenger
or eosomal* RNA (compare with azaguanine and chloramphenicol, p. 85).]
When E. coli is permitted to metabolize and grow under conditions of
thymine deficiency that prevent DNA synthesis, an unbalanced growth leads
to giant cells which have irreversibly lost the power to multiply [thymine* Precursor of the ribosomal RNA.
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less death (124,125,126)]. The thymine-deficient bacteria possessed numerous
cytological and chemical similarities to tumor cells killed by a number of
anticancer drugs such as amethopterin. In addition to interfering with
uracil metabolism, FU has been found to create a thymine deficiency in
E. coli, thus provoking unbalanced growth and cell death (127). Increases in
cellular volume (up to fourfold) have been observed (420) in ascites tumor cells
in mice which have been treated with FU or its derivatives. These volume increases were due to increases in RNA and proteins. DNA concentration was
decreased in the enlarged tumor cells. Morphologically, the treated tumor cells
showed signs of early cell death (intranuclear vacuolization; chromatin clumping). In contrast, the differentiated host cells such as leucocytes and lymphocytes were unaffected. Unbalanced growth has also been observed in mammalian cells cultured in vitro in the presence of FUDR and the related 5-fluorodeoxycytidine (116, 187). An unexplained aspect of the action of FU and
FUDR is provided by the recent finding that the toxicity of the drugs in regard
to the pathogenic yeast Candida albicans is reversed by pyridoxine and pyridoxamine (424). For clinical studies with FU, see (310a).
III.1.2.A(3). 5-Bromo- and Iodouracil. 5-Bromouracil (BrU) may serve
as a substitute for thymine, since BrU is incorporated into DNA by the
normal enzymes in lieu of thymine and may even counteract the inhibitory
action of the antifolics (27). BrU is bacteriocidal and produces mutations in
bacteria and phages (421, 698). It has recently been shown to inhibit the glucose- 6-phosphate dehydrogenase of Agrobacterium tumefaciens (324). 5-Bromo2'-deoxyuridine (BrUDR) replaces from 50-60% of the DNA-thymine and inhibits the incorporation of thymidine into DNA (117,138,188, 423). BrUDR
is less active in inhibiting tumor growth than is 5-iodo-2'-deoxyuridine
(IUDR). The latter compound permitted leukemic cells to undergo only one
cell division (446), replacing about one-third of the DNA-thymine by iodouracil (IU). This level of incorporation, yielding a "fraudulent" DNA, was
apparently lethal. IUDR also inhibits the incorporation of formate, orotate,
and thymidine into DNA-thymine of tumor cells. In these inhibitions, IUDR
(probably as its phosphorylated derivative) appears to exert its effect at
various sites, the primary inhibition depending on the nature of the precursor
and the type of tumor cells (164). DNA-polymerase (the enzyme which converts the 4 deoxynucleotide triphosphates to DNA) was permanently inhibited
in mouse ascites tumor cells and in various types of human leukemic cells;
thymidine kinase (the enzyme which phosphorylates thymidine to TMP) was
preferentially inhibited in a murine leukemia strain with thymidine as precursor; finally, thymidyhc kinase (the enzyme converting TMP to TTP) was
inhibited most when formate served as the precursor of DNA-thymine. Thus,
in contrast to FU, the iodo analog appears to inhibit the utilization of thymidylic acid but not the latter's formation.
A marked increase in sensitivity to ultraviolet radiation by E. coli mutants
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and mammalian cells has been noted after growth in the presence of the
halogenated pyrimidines or their deoxyribonucleotides, under conditions in
which the latter are incorporated into DNA (171, 269). It has been shown that
to confer radiosensitization on the cells, these compounds must be incorporated
into the DNA (364). For a maximum effect both strains of the double helix of
DNA must contain the halogenated thymine analog. The mechanism of the
sensitizing process is not known. Recently, the mechanism of DNA inactivation by ultraviolet irradiation has been found (47) to be based on the dimerization of the thymines of DNA (Fig. 8). It has, however, been shown that BrU
and its derivatives are not (very) sensitive to ultraviolet irradiation, but that
after incorporation into DNA BrU is extensively dehalogenated (669a). The
enhanced bacterial sensitivity to ultraviolet is, at least in part, due to the
greater photochemical lability of BrU in vivo relative to thymine. This is
evidenced by a greater rate of photochemical alteration (1.9 times greater than
thymine), and also by the number of photochemical products formed [dimer
plus 4 other photo products as against mainly dimer in the case of thymine
(615c)]. One result of the irradiation is the conversion of BrU of DNA (replacing
thymine) to uracil.
DNA containing 5-halodeoxyuridine also showed an increased sensitivity
to P 32 decay, X-rays, ultraviolet light, shear, and heat (636a). Selective incor
poration into tumor cells and the resultant higher X-ray sensitivity could
serve as practical methods for selective radiosensitization of tumors leading to
gene damage and either abolishment of DNA synthesis or the formation of a
functional messenger RNA. IUDR inhibits viruses, including oncogenic ones,
and the formation and growth of certain viral tumors (96a).
deoxyribose-P

deoxyribose-P
FIG. 8. Dimerization of DNA-thymine.

III.1.2.A(4). 5-Mercaptouracil. 5-MU probably inhibits the alternative
pathway of DNA-thymine synthesis, namely the utilization of free thymine
(29). The antitumor activity of 5-MU is restricted but the antimetabolite may
have an interesting application in combination with other drugs. Moreover,
Ο

Η
(XVIII)
5-Mercaptouracil (5-MU)
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there is some indirect evidence (29) that the utilization of free thymine
for DNA-thymine synthesis is more important in humans than in mice. The
latter receives support from the lack of systemic toxicity in man observed with
AzUR, which indicates that the de novo pathway of UMP, and thus of TMP, is
less important than the utilization of the intact bases.
III.1.3. FEEDBACK CONTROLS BY ANTIMETABOLITES IN NUCLEIC ACID
METABOLISM

Feedback, a term borrowed from electrical engineering, designates an
important mechanism of metabolic control. Negative feedback is the regula
tion by which the further synthesis of a metabolite is inhibited as soon as the
concentration of this metabolite reaches some critical concentration. Control of
inhibition is elaborated in two ways (132, 497, 654, 691, 693):
a. "End-product inhibition"—the inhibition of the activity of an initial
enzyme in a biosynthetic sequence by the end-product of the sequence also
called "feedback inhibition";
b. "Repression of enzyme formation" (also called simply "repression")—
the inhibition of the de novo synthesis of the enzyme by the product.
Many instances of these phenomena in the field of nucleic acid (690-692) and
amino acid biosynthesis (654) are now known, especially in bacteria. It is
logical to assume that the antimetabolites may, with advantage, replace
naturally occurring metabolites of nucleic acid metabolism in these control
mechanisms. Indeed, 5-fluorocytidine is twice as effective as cytidine or
cytidylic acid as an inhibitor, according to mechanism (a) of the aspartatecarbamyl transferase, the first enzyme of pyrimidine biosynthesis [III.LLC;
reaction 19]. In E. coli this enzyme is regulated by both end-product inhibition
and repression (654). Of the purine analogs acting as feedback inhibitors of
purine synthesis with bacterial systems, thioguanine was the most potent one
(264). In tumors (412), end-product inhibition, in which the role of the natural
compound has been taken over by the antimetabolite with an increased
efficiency, is probably illustrated by block 3, produced by thioguanine, to be
localized definitely prior to reaction 10 of the de novo pathway of purine
synthesis(ΙΙΙ.1.Ϊ.Β), namely at reaction 7 of this pathway. A similar role has
been attributed to mercaptopurine (79a, 412, 674). In Ehrlich ascites
carcinoma cells, feedback inhibition by preformed pyrimidine derivatives
upon two enzymes of the de novo pathway of pyrimidine synthesis, aspartatecarbamyl transferase and dihydroorotase (reactions 19 and 20), has been
observed, with 5-FO acting at the dihydroorotase (69). 5-Fluorocytidine was
especially active in the latter respect (616). Azaguanine can repress the forma
tion of inosinic acid dehydrogenase in mammalian tissue culture (414a). The
inhibition of the orotidylic acid decarboxylase by AzUMP can also be con
sidered as a feedback-like inhibition, AzUMP mimicking the end-product
inhibition exerted by UMP (56a) on the enzyme. It has been mentioned
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previously (see p. 91) that the effect of the latter drug on the enzyme
is transitory. This may be the result of a de-repression of enzyme syn
thesis due to the fact that a normal end-product of the biosynthetic chain,
which may function as a repressor, is not formed following (feedback-like)
inhibition of the enzyme (see p. 178). Thus, purine and pyrimidine analogs
may act as competitive inhibitors and as feedback inhibitors.
III. 1.4. ALKYLATING AGENTS AS INHIBITORS OF NUCLEIC ACID AND PROTEIN
SYNTHESIS AND FUNCTION

On cytological grounds, the alkylating agents (which will be discussed in
some detail in section V) may be classified as mitotic poisons (54). Arrest of
mitosis, and spindle and chromosome abnormalities have been observed. The
nucleotoxic effects appear to be most prominent in the heterochromatic
regions of the chromosomes which have a high nucleic acid content in the resting
nucleus.
The effects of the alkylating agents resemble in many respects those of
X-rays, hence the name " radiomimetics " (517, 6, 617, 667a). This term should,
however, not be applied too loosely since significant differences in detail of
effect have been demonstrated. The differences suggest that the similarity is
confined to the end-effects only and that an identity of primary causes cannot
be postulated. Neither is the same chemical mode of action involved. Unlike
the alkylating agents, radiation probably acts by liberation of hydroxyl and
other radicals which then produce chemical changes, e.g. nucleic acid break
down.
For a comprehensive account of the studies related to the interactions of
cytotoxic alkylating agents with nucleic acid and protein synthesis and
function, the reader is referred to the excellent review of Wheeler (677a).
III. 1.4.A. Reaction with SH-Groups. Alkylating agents may react with
terminal amino and carboxyl groups and the imidazole residue in proteins,
with amino groups and ring-nitrogens of the nucleic acid bases, and with
phosphate groups in nucleic acids and phospholipids (555, 557a, 559). The ])Ka
values of these nucleophilic groups show that at pH 7.5, a fraction large enough
to be capable of reacting with the electrophilic carbonium ions of the alkylating
agents, is ionized. Much of the earlier work on the interaction of mustard
derivatives with nucleic acids and proteins in vitro has been carried out in the
presence of an excess of reagent (5). More recently, similar experiments have
also been described for the other classes of alkylating agents under conditions
in which the concentration of the agents was considerably below that required
to react with all the available nucleophilic centers (7). All the alkylating agents
predominantly esterified the carboxyl groups of serum albumin. Combination
with amino groups was only appreciable in the case of the epoxides. Most
reactive towards all the alkylating agents were the SH-groups in denatured
egg albumin, despite their apparent high j)Ka values. In the native albumin,
the SH-groups were apparently not available for reaction. The nucleus of the
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liver cell contains 60% of the cellular SH-groups (218). In the nuclear RNAprotein, in contrast to the DNA-protein, many "masked" SH-groups are
present which are made manifest by alcohol treatment. One might speculate
that preliminary to or during mitosis such SH-groups are unmasked and then
serve as receptors of the alkylating agents.
The monofunctional ethylmethanesulfonate ("half-Myleran"), labeled
with C 14 in the ethyl moiety, has been found (545, 546) to ethylate SH-groups
in vivo, since an appreciable quantity of at least two $-ethylcysteine deriva
tives were excreted in the urine (reaction 33 where R is NHAc or 0 ) .
C 2H 5O S 0 2C H 3 +

C 2H 5—
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H S — C H
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C2 CH H
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Myleran (busulfan) (547, 548, 549) is converted in vivo to the $-£-alanyltetrahydrothiophenium ion and, together with tetrathiophene, tetrathiophene-1,1dioxide, and the 3-hydroxy derivative of the latter, excreted in the urine of
mouse, rat, and rabbit. This allows us to formulate the metabolism of Myleran
as shown in reaction 34.
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It is possible that the mode of action of Myleran as an antitumor drug
involves a similar type of reaction. Sulfonium ion formation might lead to a
modification of the function of certain proteins, and " dethiolation " may be
envisaged to have even more far-reaching effects by actually altering the
sequence of amino acids (cysteine->alanine) in peptide chains, many enzymes
being dependent on side SH-groups for activity. The maximum of the bio
logical activity of the α,ω-bis-methanesulfonyloxy alkanes found with com
pounds possessing the 4- and 5- carbon chains (see section V.2.4) might be
related to the facile cyclization to 5- and 6-membered rings, respectively (639).
The demonstrated reaction between methanesulfonates and thiol groups in
vivo may provide an explanation for the remarkable properties of the related
chloroethyl methanesulfonate which is a powerful inhibitor of the growth of
the Walker-256 tumor (without affecting the bone marrow) and atypical for
the mesyloxy compounds in its mutagenic effects on Drosophila melanogaster
(220). It seems possible (545, 546) that #-chloroethylcysteine, or a related
compound such as /9-chloroethylglutathione, is produced in situ that then
functions as a monofunctional sulfur mustard (reaction 35). S-chloroethyl-
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C 1 C H 2C H 20 S 0 2C H 3 + HS—CH 2CH(NH 2)COR
>
C1CH2CH 2— S — C H 2— C H ( N H 2)COR

(35)

cysteine (R = OH) has the same characteristically high mutagenic effect on
the early germ cells of Drosophila as has chloroethyl methanesulfonate (221).
SH-containing enzymes such as hexokinase and papain are inhibited by
alkylating agents, whereas muscle myosin is also inactivated. Nitrogen
mustard and its oxide (Nitromin) have been found to react with nonprotein
SH-groups of ascites tumor cells in vitro, but no evidence for the in vivo reaction
was obtained (346). Alkylating agents (mustards) are vesicants and other noncarcinostatic vesicants also inhibit hexokinase. The latter biochemical
property may be closely related to the biological effects of the vesicants but
not to the antitumor activity of some of the members of this class. The pro
tective effect of SH-containing agents such as cysteine and cysteamine against
the carcinostatic and lethal effects of mustard gas derivatives is also well
known. Protection may be afforded through a direct interaction between the
SH-compound and the drug or to a transitory blockage of tissue SH-groups by
the administered SH-groups (formation of disulfide bridges). Evidence has
recently been obtained to show that CH^ and C 2H^, arising in the liver
following the metabolic conversion of iV^-nitrosodimethylamine and A^-nitrosodiethylamine are directly trapped by cysteamine (214,466). Sulfur mustard gas
has been found to be excreted as the glutathione derivative, along with other
alkylated products also present in the urine (163); the in vivo reaction between
other alkylating agents and sulfhydryl groups is also indicated, pp. 74,88, and
(549a).
III. 1.4.Β. Reactions with Nucleic Acids. Since the alkylating agents show
mutagenic and carcinogenic properties, the view is widely held that alkylating
agents interact directly with the genetic material of the cell, i.e., the nucleic
acids (6, 617). The present discussion will be limited to the question whether
the alkylating agents exert their cytotoxic effect through a similar type of
reaction. The subject can be divided into 4 parts: (a) the type of change pro
duced in nucleic acids by alkylating agents; (b) the evidence for interaction in
vivo; and (c) the effect on nucleic acid and, consequently, (d) on protein synthesis.
III.1.4.B(1). The chemical reaction. Alkylating agents may esterify the
phosphate groups and alkylate the nucleic acid bases, chiefly the N-7 of guanine
and less other base positions (400c, 667c). It has been suggested (10) that the
initial site of alkylation in DNA is the phosphate group and that the triesters so
formed transfer their alkyl group to the ring nitrogen atom in the purines by
an intramolecular transalkylation, thus:
I

0=P—OI

R+

I

>

0=P—OR
I

N=

I

>

+

0=P—O- + RN=

(36)

I

Quaternization reactions by phosphate triesters are well known in synthetic
organic chemistry. The sequence of reaction 36 explains the delayed changes
(in absorption spectrum and degradation) observed in DNA treated with
methyl methanesulfonate and certain mustards and epoxides, and the lack of
such an effect after treatment with ethyl methanesulfonate, the ethyl triester

102

P. EMMELOT

being considered incapable of transalkylation (10). Diethyl sulfate has been
claimed (539) to esterify only the phosphoric acid groups but not to alkylate
the purines of DNA as dimethyl sulfate does. A difference in reaction between
methylating and ethylating agents is also indicated by the finding (233) that
much more of the latter than of the former is needed to inactivate the RNA of
tobacco mosaic virus. Three to ten times as much N 7-methyl- than N 7-ethylguanine was recovered from isolated RNA and DNA (yeast, calf thymus)
treated with methyl- and ethyl methanesulfonate, respectively (80, 81, 400a,
b and c). At least ten times as much diazoethane (yielding C 2H^ under aque
ous conditions) than diazomethane (CH^) was required to obtain a compar
able degree of alkylation at the N-7 of RNA-guanine (386). The latter finding
was explained by a faster hydrolytic decomposition of diazoethane than of
diazomethane.
However, it is most likely that the 2 reactions, phosphate esterification and
ring alkylation, occur independently. This is shown by the fact that the N-7
of guanosine and 2/-deoxyguanosine (both lacking the phosphate group) is
extensively methylated (359a). When the phosphate groups of RNA are
methylated by diazomethane under nonaqueous conditions, and the reaction
product is introduced into water, no transalkylation under formation of
iV7-methylguanine occurs but chain fission appears to take place (386).*
Evidence for ethylation of the ring nitrogen at position 7 of DNA-guanine
by diethyl sulfate, ethyl sulfate and diazoethane has also been obtained (33,
81, 386a).
As a consequence of alkylation at the N-7 of guanine the stability of DNA
is reduced. Under mild conditions, degradation of the macromolecules to
lower and/or low molecular-weight fragments occurs.
a. Phosphate triesters are labile, lability being dependent upon the nature
of the new ester linkage being introduced. Spontaneous hydrolysis of the new
ester linkage (a) and occasionally of a sugar phosphate ester linkage (β) may
occur (reaction 37):
I

I

Ο
0 = P — Ο " + R+

Ο
>

0=P—Ο—I—R

I

I

ο

ο

sugar
ι

(α)

' (β)—\sugar

(37)

b. Purine bases are released from native DNA at low pH (apurinic acid),
guanine being released preferentially. Under acid condition, the more basic
N-7-atom of the nucleic acid guanine will be protonated to carry a positive
charge. After alkylation of the N-7,protonation and guanine release also occur
at neutral pH (reaction 38). The positive charge on the imidazole ring weakens
the N-9 sugar bond by drawing away electrons. DNA-adenine alkylated at N-3
* Neither is an increase in methylated base-content of diazomethane-treated DNA with
time observed (386a).
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(the position next lower in reactivity than the N-7 of guanine) is released more
rapidly than 7-alkylguanine (400c, 386b). Methylated RNA-bases are not
released.
c. After base deletion, the resulting apurinic acid is much less stable than
the original nucleic acid. Under mild conditions, a main-chain fission occurs
following splitting of the phosphodiester sugar bonds (see reaction 39). The
—Ο
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(39)

OH

!-p—o-

!o
degradation of nucleic acids alkylated by mustards has been reported to occur
in the case of DNA, but not in that of RNA (80, 81), methylated guanylic acid
being also more stable than methylated deoxyguanylic acid. The stability of
treated RNA would, therefore, be due to the absence of reactions 38 and 39.
Accordingly, reaction 38 is dependent on the configuration of the pentose
(2 /-deoxy). However, extensive degradation of microsomal RNA treated with
diazomethane under aqueous conditions has been obtained (386), with
evidence that the instability is due to hydrolysis of the phosphate triesters
via 2',3'-cyclic phosphates. Differences in hydrolysis of the triester bonds may
be due to the nature of the alkyl group introduced (559). It should be noted that
the phosphate triester bonds of DNA do not hydrolyze in this way since the
2'OH's are missing (386); some of these bonds [(β) in reaction 37] may be
hydrolyzed directly.
From a comparison of the rates and extents of alkylation of RNA and DNA
by a variety of alkylating agents, it appeared that extensive alkylation can,
in general, be attained with the mustard type of reagents (80, 81). Sulfur
mustard reacted more rapidly than nor-HN2 and aniline mustard. The alkyl
methanesulfonates reacted to a much smaller extent.* Monofunctional agents
yielded 7-alkyl-guanines and bifunctional agents, in addition, di(guanin-7-

* Alkylation of DNA is more pronounced with the methylating than with the ethylating
agent, and methylated bases are more rapidly released than ethylated ones are; this may
explain the greater toxicity displayed by methylating than by ethylating agents (81a).
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yl) derivatives. The reaction products following alkylation with nitrogen
mustard (HN2) are (XIX) and (XX).
OH

CH2— C H 2— Ν — C H 2— C H 2— O H

^ \ ^ N ^

CH3

(XIX)

H

CH2— O
C H 2— Ν — C H s— C H a

H 2N -

OH

N

^ N H

2

(XX)

The latter type of reaction may occur between guanines of one DNA-strand
or of two DNA-strands, and represents "cross-linking" (5, 248). Cross-linking
of DNA molecules, both free and as deoxyribonucleoprotein (source: herring
sperm-heads) has been obtained using mustard gas and ethylenimine types of
agents (8). The intermolecular reaction, which yields DNA gels, in contrast to
the more frequently occurring intramolecular reaction, was demonstrated at
high concentrations of the nucleic acid likely to be encountered in the cell
nucleus (454). Gel formation, representing an infinite network of cross-linked
DNA, was also shown (8) to occur in the nucleus of ascites tumor and spleen
cells suspended in vitro. The transforming principle (DNA) of Hemophilus
influenzae was rendered completely inactive by Ι Ο - 4 Μ HN2 (697).* Inactivation by HN2 of TMV-RNA (233) and of T2 bacteriophage (427) by several
alkylating agents has also been obtained. The cross-linking reaction—only one
cross-link per DNA molecule of M.W. 5 χ 10 6 will already cause gelling—may
conceivably lead to arrest of mitosis. The cross-linking hypothesis was sug
gested in order to account for the generally much more pronounced cytotoxic
action of the bifunctional agents compared to that of the corresponding monofunctional agents (426). The difference between mono- and bifunctional agents
is most marked if growth inhibition is used as the criterion for biological
activity and is (much) less for the other biological properties of the two classes
of agents. This has led to the view that carcinogenesis and mutagenesis might
be due to an interaction of the alkylating agents with DNA not necessarily
involving the cross-linking type of reaction (one-point interactions); crosslinking would only be required for the carcinostatic effect. Members of the
iV^-acylmonoethylenimine series (XXI) form a notable example of carcinogenic
agents lacking in antitumor activity (661). However, it should be pointed out
that some monofunctional alkylating agents, such as l-ethylenimino-2-oxybutene-3 (490), are profoundly carcinostatic. The latter compound even shows
* The transforming capacity of DNA isolated from methyl methanesulfonate-treated
B. subtilis appeared to be normal, but was completely lost after heating to 50° (breakdown),
in contrast to that of untreated cells (631a). No physico-chemical changes were observed
in DNA from HN2-treated fibroblasts (71a). The extent of alkylation of E. coli phageDNA treated with S-mustard, 2-chloroethyl-2-hydroxyethylsulfide, methyl and ethyl
me thanesulfonate decreased in the order given, the number of alkylations required to
inactivate the phage increased in the same order (81a).
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a broad activity spectrum. In the present context, growth inhibition by monofunctional agents may be envisaged as resulting from the breakdown of the
nucleic acid rather than cross-linking (54b, 81a, 400d).
It was mentioned above that the alkyl methanesulfonates reacted less
extensively with DNA than did the mustard type of agents. A similar difference
has also been observed under in vivo conditions both as regards binding to (80,
81) and inhibition of the synthesis (647) of nucleic acids. Nor could gel forma
tion of DNA at biologically important doses be demonstrated with Myleran
and diepoxides, in contrast to the reactions obtained with HN2 and ethylenimines (8). A difference in response to HN2 and dimethyl Myleran (the latter
being more similar in effect to X-rays) has also been observed for leukemic cells
grown in vitro (9). It was suggested that HN2 reacted with DNA, causing the
immediate stoppage of cell division, whereas Myleran, which still allowed for
at least one cellular division, was considered to react with the phospholipoprotein membranes of the endoplasmic reticulum. The latter type of inter
action might account for the pronounced vacuolization of this structure in
liver cells following administration of i^-nitrosodimethylamine, which yields
CH^ ions as a result of metabolic conversion by enzymes located in these
membranes (208, 209, 214). Differences in effect of Myleran and the nitrogen
mustard chlorambucil on rat bone marrow and on the fertility of rats have also
been noted (640, 667a).
III.l .4.B(2). Interaction in vivo. DNA and RNA isolated from mice bearing
the Ehrlich ascites tumor or lymphoblastic leukemia and injected with S 3 5labeled mustard gas, contained 7-(j8-hydroxyethylthioethyl)guanine, which
is also formed in vitro. The extent of S 35 incorporation in RNA, DNA, and
protein was about the same (80, 81). A much lower extent of binding was
obtained with Myleran, binding being equally low in the ascites tumor cells
and leukemic cells. The latter results do not suggest any explanation of the
effectiveness of Myleran against chronic myelogenous leukemia and certain
experimental tumors.
Previous experiments (610, 676) with nitrogen mustard (HN2) containing
C 14 in the methyl group had shown that the RNA of several normal rat tissues
contained the highest amount of tracer; it was concluded that the radioactivity
became fixed as a result of alkylation rather than of formate metabolism
[i^-methyl may be oxidized in the liver to formaldehyde (615)]. More sarcolysin
and chlorambucil was bound to the proteins than to the nucleic acids of the
Walker tumor in vivo (130). ThioTEPA was found (458) both in vivo and in
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vitro mostly, if not exclusively, in the nuclear fraction, predominantly bound
to guanine, of liver, intestine, and the Walker tumor. The drug preferentially
damaged the nuclei of cultured mouse mammary tumor cells (22). In vivo, at
physiologically active concentrations, the highest specific incorporation of
labeled HN2 and chloroquinine mustard was into the RNA of ascites tumor
cells, 1 alkylation per 20,000 nucleotide units being observed (specific in
corporation into proteins was 50% less); HN2 alkylated 5 in 10 6 DNA nucleo
tides, and chloroquinine mustard 2 in 10 5 DNA nucleotides (564a, 565, 566).
The latter difference, obtained in vivo, reflected the greater affinity of the quin
ine mustard to isolated DNA in vitro (mole drug/mole DNA-P: 0.85 for reaction
occurring with both purines and pyrimidines, as against 0.15 for NH2, reac
tion primarily with purines; and 0.10 for phenylalanine mustard). It may be
of interest that, although RNA showed a higher alkylation per nucleotide, the
much greater molecular weight of DNA indicated an equivalent rate of attack
per molecule on the two types of nucleic acid. However, it should also be
pointed out that proteins underwent the greatest total amount of alkylation
(specific incorporation χ amount of protein). A lack of correlation between
tumor-DNA alkylation and therapeutic result was observed. A low order of
DNA alkylation by labeled Myleran, TEM, chlorambucil, and sulfur mustard
in various tumors has also been observed (647, 648). The highest incorporation
was found in a tumor resistant to Myleran. No correlation was apparent
between the susceptibility of the various tumors to a given drug and the
incorporation of the drug into DNA.
Pretreatment of the animals with unlabeled TEM followed by administra
tion of the labeled drug yielded the same isotope concentration in tumor-DNA
as that observed after administration of the labeled drug alone. This was taken
to indicate that the alkylating agents acted at random and that no exclusive,
"lethal" combination of the agent with a specific receptor of a restricted
number of DNA molecules occurred. The slight counteraction of the leukemic
effect of NH2 by administration of DNA to leukemic mice (605) does not allow
a conclusion about the mechanism of antitumor effect of HN2. The counter
action may be due to a direct reaction between the two substances, and does
not imply that the antileukemic effect of HN2 is due to its combination with
tumor-DNA.
Recent evidence indicates the formation of covalent bonds between DNA
and acidic nuclear proteins in the presence of bifunctional mustards incubated
with ascites tumor cells (617b). This mode of cross-linking poses another
difficulty in assessing the relative importance of binding of alkylating agents
to DNA, RNA, and protein.
It may be concluded that the evidence that alkylating agents (even with the
exception of Myleran and congeners) hamper tumor growth merely by crosslinking DNA, is, at the least, inconclusive and that more than one receptor may
be involved.
III. 1.4.Β(3). Inhibition of nucleic acid synthesis. Several observations sug
gest that the alkylating agents may affect DNA and RNA synthesis differ-
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entially. Addition of sulfur or nitrogen mustard (HN2) to growing cultures of
E. coli resulted in a cessation of DNA synthesis, while RNA synthesis con
tinued at 70% of the normal rate (315). Unbalanced growth of cultured
mammalian cells (71) was also noted. Filament formation by bacteria in
activated by mustards (293) and diazouracil, the presence of giant cells in
tumors treated with the cytotoxic ethylenimine E-391(173,174, 493), and the
cessation of mitosis without appreciable diminution in growth of cell volume
of corneal epithelium and amphibians' eggs treated with mustards are sug
gestive of the same mechanism, i.e., unimpaired or slightly hampered cyto
plasmic growth but a complete loss of the ability to divide. These results are
strongly reminiscent of the thymine-less death of certain microorganisms
(compare 5-FU). With Myleran, however, DNA synthesis continued but no
cell division took place (118, cf. 8, 9).
HN2 has been shown to inhibit the incorporation of formate and adenine
into DNA but to a much lesser extent into RNA of the small intestine of the
rat in vivo (255, 401). A more marked effect of HN2 on the in vivo DNA than
on RNA synthesis has been found in the appendix, bone marrow, and thymus
of rabbits (179). In Earle's strain-L cells a similar pattern of inhibition was
observed. A single dose of Degranol (316), l,6-di(j8-chloroethylamino)-l,6dideoxy-D-mannitol, inhibited preferentially DNA synthesis, as measured by
the incorporation of P 32 phosphate in vivo, and to a lesser extent the synthesis
of acid-soluble nuclear RNA. A smaller inhibition of cytoplasmic RNA
synthesis occurred at a later period. However, a lack of effect of Degranol on
tumor-DNA synthesis, in contrast to an inhibition produced by sarcolysin,
has also been reported (631). Disturbances in nucleic acid metabolism induced
by HN2 and endoxan in cultured human cells were not directly related to their
lethal action on the cells, and DNA synthesis appeared resistant to these
agents (496b).
In contrast to the previous results, various alkylating agents did not show
a preferential inhibition of the in vivo DNA synthesis of a number of solid and
ascites tumors (158, 304, 407, 648). Either a marked or a negligible effect on
RNA and DNA synthesis or a stimulation of precursor utilization was ob
served, depending on the nature of the drug and the precursor. It has been
suggested (648) that the agents alkylated several receptors with varying
degrees of specificity. Inhibition of tumor DNA, RNA and protein synthesis
following three injections of chlorambucil (518) or thioTEPA (519) has also
been reported; these inhibitions were accompanied by little or no effect on the
corresponding processes in host liver. Although the inhibition of tumor growth
could be correlated with the inhibition of the biosynthetic processes, the
generalized inhibition of the latter did not allow determination of the primary
effect of the drugs. A change in drug schedule did not reveal any specific or
sequential effect on DNA synthesis.
Under conditions in which there was clear-cut evidence of the inhibition of
nucleic acid synthesis by mustards (ascites tumor cells in vitro, RNA and
DNA synthesis being about equally inhibited), the synthesis of acid-soluble
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purine nucleotides was not diminished but enhanced (179). Consequently,
nucleic acid synthesis was inhibited either at the level of the phosphorylations
of the mononucleotides to form di- or triphosphates or at the level of the
condensation of the latter to polynucleotides. An interesting speculation (640)
on the mechanism by which certain alkylating agents may inhibit nucleic acid
synthesis is worth mentioning in the present context.* Since alkylating agents
react with the N-7 of guanine, a bifunctional agent such as sulfur mustard will
react with GMP to form 7-(j8-chloroethylthioethyl)guanylic acid (reaction 40).
HO

CH2CH 2SCH2CH2C1
(40)
sugar-P

This derivative still contains one alkylating group which, after the derivative
happens to arrive at an enzyme surface before it is hydrolyzed (CI ->-OH), may
alkylate and irreversibly inactivate the enzyme. This, and related purine
derivatives, might thus act as irreversible purine antagonists. The analogy
with diisopropyl fluorophosphonate, which is known to phosphorylate
cholinesterase, and with the proposed mechanism of action of azaserine and
DON [see III.l.l.B(l)], is evident. Bifunctional alkylating agents might affect
nucleic acid synthesis irreversibly via an antimetabolite action and via an
interaction with nucleic acid templates. As a result of the latter action protein
synthesis will become impaired.
III.1.4.B(4). Inhibition of protein synthesis. In bacterial systems, the
inhibition of DNA synthesis can be repaired by removal of the nitrogen or
sulfur mustard. Recovery from the inhibition requires the participation of
both nitrogen and carbon sources (294, 295). The repair of the lesion which
permitted subsequent growth and DNA synthesis was not dependent upon
DNA synthesis, thus discounting the possibility that the originally existing
DNA was inactivated. Evidence was presented to show that the recovery of
the DNA synthesis depended upon prior protein synthesis, and perhaps also
on that of RNA.
Various nitrogen mustards have been found to inhibit the incorporation of
amino acids into the protein of Staphylococcus aureus to different extents
(139b). The compounds that proved to be most effective in reducing this
incorporation were also, in general, those most effective in inhibiting the
growth of the Walker rat carcinoma. Myleran was without effect in the
bacterial system. In vivo, TEM inhibited the incorporation of glycine into the
proteins of leukemic cells to a greater extent than that into the nucleic acids
(476). The inhibition of glycolysis but not of glycine incorporation into the
proteins of Yoshida carcinoma cells by triethylenimine benzoquinone in vitro
was overcome by nicotinamide (434). The latter finding points to the existence
* Certain similarities in effect between alkylating agents and nucleic acid base analogs
have been observed (p. 109) {54b, 236a).
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of at least two separate sites of inhibition. A similar conclusion (464) may be
drawn from in vitro experiments with HN2 in which the incorporation of
glycine into protein was inhibited in both a HN2-sensitive and -resistant strain
of hepatoma ascites cells, while DNA synthesis was being inhibited in the
former strain only. Reduction of antibody formation by endoxan (618) and
chlorambucil (39) and of amino acid incorporation into the proteins of ascites
tumor cells (133) in vitro and of solid tumors in vivo by various alkylating
agents, or into liver proteins in vivo by CH^ and C 2H^ have also been
reported (82, 214, 466). Studies on the action of HN2 on liver cells in vitro
revealed that amino acid incorporation was unaffected by concentrations of
the agent which greatly reduced P 32 uptake by the RNA of the same tissue
(258, 259). At higher concentration ( > 0.5 χ 10~4 M), protein labeling in liver
became also markedly inhibited. The nuclear and cytoplasmic proteins did not
differ in their response to HN2. Injection of thioTEPA into lymphosarcomabearing animals led to an inhibition of the incorporation of glycine into
the tumor proteins, especially at 24-30 hours after injection, whereas
during this period, RNA metabolism was first stimulated and then depressed
(519a).
Experiments by Busch and co-workers (94, 95) have shown that the incor
poration of amino acids into nuclear proteins of tumors (proceeding at a higher
rate than in the corresponding fraction of normal tissue) is inhibited prefer
entially by certain nitrogen mustards. Following administration of HN2, the
in vivo uptake of amino acid was inhibited in both the tumor and host tissues.
Using alanine or phenylalanine mustard, the inhibition was much more pro
nounced in the tumor than in the host proteins. It could be shown that the
agents acted as alkylating agents and not as amino acid analogs. Inhibition of
amino acid incorporation into the nuclear proteins was more pronounced than
that into the proteins of the other tumor cell proteins. The earliest inhibition
was found in the acid-insoluble proteins of the nucleus. The data revealed
effects on protein labeling which were specific for the tumor and drug-sensitive
sites engaged in nuclear protein synthesis which may bear relevance to the
mechanism of action of the mustards (162, 488, 489). Suppression of arginine
incorporation into the acid-insoluble nuclear proteins was also obtained with
the aminouracil mustard, 5-(di-jS-chloroethylamino)uracil, Myleran, chlor
ambucil, HN2, 5-FU, 6-MP, and podophyllotoxin (95). The data for 6-MP and
Myleran most resembled those obtained with the aminouracil mustard in the
apparent early specificity of the effect on the above incorporation without a
marked suppression of amino acid incorporation into the cytoplasmic fraction
of the tumor. The other agents were less specific in this respect. Differences
were also apparent in regard to inhibition produced in the host. The nature of
the alkylating agent thus determines the specificity of action. It may be of
interest in this connection that aminouracil mustard can be regarded as a
pyrimidine antagonist whereas the correspondence in effect of Myleran and
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thioguanine on blood elements has been taken as circumstantial evidence for a
possible role of Myleran as a purine antagonist (640).
Since,recent evidence indicates that RNA catalyzes protein synthesis, it was
also investigated whether aminouracil mustard—which inhibited the amino
acid uptake in the cationic proteins of the tumor nuclei before any impairment
of growth could be detected—inhibited nuclear-RNA synthesis (55, 337). A
suppression of uracil incorporation into nuclear RNA, which preceded the
drop in labeling of the acid-insoluble nuclear protein, was indeed found. Inhibition into cytoplasmic RNA also occurred, in accordance with the concept that
the latter is of nuclear origin. Similar results were obtained with tumor and
spleen, the latter tissue being notable for its high sensitivity to many alkylating
agents. Fractionation of the cationic nuclear proteins by chromatography over
carboxymethylcellulose columns revealed specificity of inhibition in certain
fractions of the tumor, as compared with the spleen proteins (337). Aminouracil-(2-C14)-mustard labeled the RNA of nucleus and cell sap of the tumor
to a greater extent than it did DNA and proteins, the nuclear RNA showing a
higher specific activity than the RNA of other cellular fractions at early time
points (56). These and the former results suggest that the suppression of amino
acid incorporation into the acid-insoluble protein may be due to a binding of
the drug to certain nuclear RNA templates, the inhibition of the synthesis
of these templates being considered too small and not commensurate with the
effect on nuclear proteins to account for the predominant effect of the mustard.
Carcinostatic doses of endoxan administered to mice bearing a sensitive and
resistant form of leukemia, produced a marked decrease in methionine labeling
of tumor proteins, especially in the nuclear fraction (acid-insoluble protein,
corresponding to action of the alkylating agents mentioned previously) of
sensitive but not of resistant tumors (632a). This result shows also that
inhibition of protein synthesis is related, perhaps causally, to the carcinostatic
action of endoxan. Again the difficulty remains of establishing the prime
interaction, i.e. at which level and which component of the triad "DNA makes
RNA makes protein" is inhibited. A study of the effect of alkylating agents on
messenger-RNA is called for. RNase activation by ethylenimines has been
observed (317b).
III.1.4.C. Conclusion. The 4 classes of alkylating agents (mustards, diepoxides, ethylenimines, and alkylmethane sulfonates; see section V) may and
indeed do interact with various cellular receptors, such as SH-groups, proteins,
nucleic acids, and phospholipids. The chemical alterations thus induced are
now well documentated; the hydrolysis of the phosphotriester bonds of
phospholipids after the reaction of the latter with alkylating agents is also
known. The biochemical consequences of the interactions are apparent from
the lesions observed in nucleic acid synthesis and function, including protein
synthesis, and in glycolysis and respiration (see III.2.2.) It is difficult, if not
impossible, to formulate a singular or simple relationship between the biochemical changes and carcinostasis. Although suggestive evidence has been
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presented above, actual proof is lacking that growth inhibition results from
only one particular type of biochemical lesion in any, let alone in all, of the
cases discussed. It seems rather safe to conclude that no generalizations are
possible. Myleran, for instance, behaves quite differently from the mustards
and the ethylenimines. This variance suggests that different mechanisms of
primary interaction, and consequently of action, are involved. Moreover, even
in the class of the mustards, sulfur mustard is bound about equally well to
protein, RNA, and DNA, and chlorambucil and sarcolysin are mainly bound
to proteins, whereas aminouracil mustard is mainly bound to RNA. The
nature of the carrier of the alkylating groups (amino acid; pyrimidine) may
profoundly affect the inter- and intracellular distribution of the drugs, their
interaction with certain molecule species and, thus, together with the chemical
reactivity, the biochemical response.
III. 1.5. MISCELLANEOUS COMPOUNDS INTERFERING WITH NUCLEIC ACID AND
PROTEIN METABOLISM

There are many cancer drugs, in addition to those discussed above, which
interfere with nucleic acid and protein metabolism. To give some impression
of the type of compounds under investigation, the following examples may
suffice.
III. 1.5.A. Amino Acid Analogs. Amino acid analogs, which inhibit the
incorporation of amino acids into proteins, may also become incorporated into
the proteins. Some of the amino acid analogs may, in addition, affect other
metabolic pathways. For instance, ethionine, the ethyl analog of methionine,
may inhibit the transfer of methyl groups and ethyl groups may become
incorporated instead of methyl groups.* The nature of the action of iV-chloroacetyl-DL-serine (417), which causes complete regression of mouse sarcoma-37,
,
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is not clear; it may be of significance that the antibiotic chloramphenicol
shows a related structure. Chloramphenicol interferes with RNA metabolism
(see section III.1.1.B(3)), and the amino acid analog does apparently not
act as an amino acid antagonist (700).
III.1.5.B. Antibiotics. Of the more recent antibiotics, mitomycin C and
puromycin may be mentioned. Both show destructive effects on a number of
tumors (633,650). Puromycin has been found (689) to abolish the incorporation
of amino acids, bound to the terminal adenylic acid moiety of s-RNA, into the
ribosomal protein. The inhibition of protein synthesis is considered to result
from the displacement of incomplete protein chains and peptide precursors
* Ethylation of RNA-guanine has been observed (434a).
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from the ribosomes (471). The similarity in structure of puromycin to the
aminoacyl-RNA moiety is striking (XXVa and b). However, the "binding" of
s-RNA to the ribosomal RNA is not inhibited by the antibiotic (63).
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The structure of the mitomycins has recently been clarified (669b; X X V I ) .
The compounds contain a fused-ring aziridine (ethylenimino) structure, and
are thus alkylating agents which may react with nucleophilic agents (see
section V.l). It is of further interest that the mitomycins are methyl-substi
tuted carbamates. It is not known whether the latter structure contributes to
the drug effect (compare urethane below).
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Mitomycin C
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Mitomycin C blocks DNA synthesis and causes DNA degradation (533, 681)
probably by activating the deoxyribonuclease of the ribosomes (371, 478).
Actinomycin D, which shows some clinical effect against embryonal rhab
domyosarcoma and Wilms tumor has been reported (599) to inhibit RNA
[de novo IMP synthesis and guanine utilization (677)], but not DNA and
protein synthesis in bacteria. Actinomycin C forms a complex with nucleic
acids (370). Ehrlich ascites tumor cells incubated with C 14-actinomycin
C fix the drug in their nuclei, 95% of the label is present in DNA (292). After
short-time incubation only the nuclear-RNA synthesis is inhibited, nucleotide
formation or cytoplasmic RNA synthesis not being impaired. Since the forma
tion of complexes between DNA and drug derivatives occurs only if the latter
are of high biological activity, and complex formation is also found in vivo, it
has been concluded that the nuclear DNA-dependent RNA synthesis is pre
vented due to a partial occupation of the DNA template (292). Actinomycin
D is an inhibitor of the RNA polymerase (342a), and its inhibitory effect on
messenger RNA synthesis has been observed in various biological systems
(248a, 416a, 534a), including B. subtilis and cultured HeLa cells (534b).
III.1.5.C. Urethane. The antitumor effect of urethane (ethyl carbamate) is
reversed by thymidine, cytidine, and glutamine, to some extent by orotic acid
and ureidosuccinate, but not by uracil or uridine. This has led to the suggestion
that urethane blocks pyrimidine biosynthesis (195). Ethylcarbamate closely
resembles carbamyl phosphate, which functions in the first reaction of the
de novo synthesis of pyrimidine nucleotides, catalyzed by ureidosuccinate
synthetase. The inhibition by urethane of the latter enzyme in cell-free
^H2
0 = C — O C 2H 5
(XXVII)
Ethyl carbamate

^H2
0 = C — O P 0 3H 2
(XXVIII)
Carbamyl phosphate

preparations of Ehrlich ascites carcinoma cells has been demonstrated (68) but
inhibition of pyrimidine biosynthesis at some reaction subsequent to the latter
has also been observed (189). The amination of the uracil moiety to cytosine
and the thymidylate synthetase are possible sites of inhibition. Thymine,
but not uracil, has been found to prevent the production by urethane of
abnormal mitoses in the Walker tumor (66). It is of further interest to note
that urethane is a carcinogen and that the same compounds which counter
act the carcinostatic effect of urethane also counteract its carcinogenic
effect (551). Recent results suggest that urethane may act as an ethylating
agent (C2H^) after metabolic conversion to the iV-hydroxy derivative (66b).
Crystalline chymotrypsin and trypsin reverse, in part, the antimitotic effect
of urethane on the cleavage of eggs of the marine annelid worm Chaetopterus
pergamentaceous (584a). It may be significant, in this respect, that urethane has
been found (366a) to inhibit the proteolytic and esterase activities of these
enzymes at physiologically active doses of the drug.
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111.2. Glycolysis and Respiration
A number of antitumor agents appear to inhibit the processes of glycolysis
and/or respiration. This impairment leads to a reduced energy production, as
a result of which synthetic reactions and the active transport of certain meta
bolites across the cell membrane are inhibited. The blockade will also decrease
the concentrations of the glycolytic and citric acid cycle intermediates, which
are precursors for a large number of synthetic reactions. Although a certain
proportion of the carcinostatic drugs affect the above processes either directly
or indirectly, the categorical statement (91) that all known anticancer agents'
activity is based on interference with glycolytic and/or respiratory processes,
does not seem to be warranted.
III.2.1. ANTIMETABOLITES

III.2.1 .A. Purine Antagonists. Administration of 8-azaguanine to sarcomabearing rats led to a selective cessation of tumor respiration within 2 hr; after
24 hr the inhibitory effect had largely disappeared (228). Some uncoupling of
the oxidative phosphorylation in the respiratory chain of mouse liver mito
chondria (substrate: α-ketoglutarate) has been observed after a single injection
of this antimetabolite (45a), which is incorporated into mitochondria (45c).
The guanine analog is also known to inhibit xanthine oxidase (653) and
adenosine deaminase (225) in vitro. 6-Mercaptopurine (6-MP) is converted by
xanthine oxidase to 6-thiouric acid; both the substrate and the reaction product
inhibit the enzyme competitively (604).
Tumor respiration and glycolysis have been reported to become inhibited by
6-MP, the tumor processes were more sensitive than those of liver and kidney
(460). The inhibited glycolysis of sarcoma cells from animals treated with
6-MP was increased 50% by the addition of fluoride, whereas the tenfold
higher glycolytic rate of untreated cells was inhibited by fluoride (230); this
indicated that the inhibition produced by 6-MP was, at least in part, due to an
activation of ATP-splitting enzymes, which might have resulted from a
direct or indirect damaging by the drug on the mitochondria. Increased
ATPase activity, resulting in a negative phosphate balance during the inhi
bited glycolysis, and a decrease of aldolase and triosephosphate isomerase
activities in the homogenate of the treated tumors were observed. Addition
of crystalline aldolase increased the rate of lactate output of the inhibited
homogenate to the level of that shown by the homogenate of the nontreated
animals and shifted the phosphate balance to positive values.
The in vivo and in vitro synthesis of NAD in liver that occurs after injection
or, respectively, addition of nicotinamide, was inhibited by 6-MP (70, 362).
The in vivo inhibition, the toxicity and the antileukemic effect displayed by
6-MP could be counteracted or prevented by the administration of adenylic
acid or related compounds (249); the in vitro inhibition of NAD synthesis
could, however, not be reversed by adenosine or adenylic acid (70). Similar
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results have been obtained with thioguanine. It has recently been shown that
6-MP-riboside triphosphate inhibits the synthesis of NAD competitively
(nuclear enzyme, inhibited step: NMN + ATP ^ NAD + PPi; see below) and
by replacing ATP in the latter reaction also forms the 6-MP analog of NAD (20).
This finding demonstrates clearly the dual effect which may be exerted by
antimetabolites. Coenzyme-A—the coenzyme of fatty acid, pyruvate and
α-ketoglutarate oxidation and of fatty acid and steroid synthesis—reversed
the mitotic inhibition of cultured Sarcoma-120 cells by 6-MP (52, 53, 54).
Antagonism between 6-MP and coenzyme A could also be demonstrated for
cultured fibroblasts in respect to lipogenesis and mitochondrial morphology.*
The coenzyme-A content of the Walker tumor (242), the coenzyme-Amediated acetylation of sulfanilamide in vitro (242) and in vivo (244), and
cholesterogenesis in regenerating liver (243) were all decreased by 6-MP. It is
of interest that an inhibition of acetate incorporation into the lipids of E. coli
has been observed at lower concentrations of 6-MP than those which inter
fered in nucleic acid synthesis (439). By contrast, in B. cereus, neither coenzyme-A nor NAD synthesis were inhibited by 6-MP (101).
As discussed in the previous sections (ΙΙ,ΙΙΙ), azaguanine and mercaptopurine
may affect respiration by (a) creating faulty coenzymes or cofactors, which
either may be inactive or inhibitory, and (b) by inhibiting the formation of the
normal coenzymes and cofactors (58, 227). Since the impairment of the
formation or utilization of adenine-containing cofactors and coenzymes will
also block many other reactions which are dependent on the latter, multiple
lesions are bound to develop in the presence of the drugs. In this connection it
is significant that the extent to which acid-soluble adenine nucleotide forma
tion was depressed by 6-MP was directly related to the drug susceptibility of
the tumor (227).
III.2.1.B. Nicotinamide Antagonists. Evidence for the formation of non
functioning coenzyme (NAD)-analogs containing an antimetabolite has been
obtained in the case of certain nicotinamide antagonists (361, 601) (Fig. 9).
The synthesis of NAD occurs in the nuclei according to reactions 41a and
41b. Another pathway for the synthesis of NAD, located in erythrocytes and
NAA + 5 PRPP

^

NAA-ribose-phosphate + PPi

NAA-ribose-phosphate (NMN) + ATP

^

N A D + PPi

(41a)
(41b)

the soluble fraction of liver, makes use of nicotinic acid instead of NAA (347,
520). The nicotinic acid analog of NAD (nicotinic acid-adenine dinucleotide)
thus arising is aminated by glutamine to form NAD. Microsomal-bound
NADase, on the other hand, splits NADf at the riboside linkage (reaction 42).
NAA-ribose-P-P-ribose-adenine

^

NAA + ribose-P-P-ribose-adenine

(42)

* Although SH-compounds may induce a marked swelling of isolated liver mitochondria
leading to disruption and ATPase activation, 6-MP had no such effect (217).
t N A D may also be split by nucleotide pyrophosphatase.
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The NADase may also catalyze an exchange-reaction between added NAA or
a NAA antagonist and the NAA moiety of NAD; evidence that the reaction
also occurs in vivo has been obtained. When a NAA antagonist is added, a non
functioning NAD analog may be formed. The hydrolytic function of the
enzyme is strongly inhibited by NAA.
The level of NAD in the livers of animals injected with NAA increases 8-10
times and less so (2-3 times) in some other tissues, including tumors. This
increase might result from an increased NAD synthesis, a decreased NAD
splitting, or from both. Evidence for the first type of effect, including a de novo
synthesis of the adenine and ribose moieties, has been presented (602). Inci
dentally, the increased synthesis of AMP following NAA administration is
likely to be suppressed by 6-MP, thus partially accounting for the abolishment
of the NAA effect on liver-NAD.
Ο

Ο
NH2

J / V — C — C H 3

Nicotinamide
(NAA)

|^N-C-NH
H

2

N / \

N^

3-Acetylpyridine

2

Ν

Ν
. S/ C - N H - C 2 H

6-AminoNAA

5

2-Ethylamino- 1,3,4-thiadiazole
/ T i r n T v\

FIG. 9. Nicotinamide and analogs.

III.2.1.B(1). 3-Acetylpyridine. This compound is markedly toxic to
animals (361, 601). However, the liver disposes of acetylpyridine by converting
it to NAA; a rise in the liver-NAD was actually observed after injection of
acetylpyridine. Although low doses of the drug apparently increase the in vivo
synthesis of liver-NAD from NAA, high doses do inhibit the reaction. There is
some evidence that the toxicity of the drug is due to the formation of the
3-acetylpyridine analog of NAD in the nervous tissue (the brain contains a
powerful NADase). The highest concentration of the analog has been found in
3 different tumors (leukemia, carcinoma, and sarcoma), with a concomitant
decrease in the NAD level. Whether, in this case, the toxic effects of the drug
are manifested in the analog itself, or are caused by a decrease in the NAD
level resulting from the formation of the analog, is not yet clear. Some inhibi
tion of local tumor growth with 3-acetylpyridine has been obtained but the
toxic effects on the host are apparently so high that the animals succumb
before sufficient formation of the analog has occurred in the tumor cells (120).
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However, the significance of these findings (apart from the fact that acetylpyridine is an antimetabolite which can be detoxified in the liver by conversion
to the metabolite) is obvious, since they illustrate that toxicity may depend
greatly on the differences in reactivity in various tissues. At least 4 parameters
are involved in the action of the drug, i.e. detoxication, the activity of the
NADase, and the level and rate of synthesis of tissue NAD. These conditions
may provide a basis for a selective toxicity, especially since the concentration
(247, 670) and the rate of synthesis (473) of NAD is generally low in trans
planted solid tumors, while the NADase may be very active (198, 199, 526).
III.2.1.B(2). 2-Ethylamino-l,3,4-thiadiazole. ETD, which can be converted
to an analog of NAD in vitro, is inhibitory to certain tumors (119, 595). Its
toxicity and antitumor effect can be prevented by NAA, as demonstrated on
tumor growth and host survival, thus suggesting a true metabolite-antimetabolite relationship (120). Although the antileukemic effect of the drug may be
due to the formation of fraudulent NAD (evidence for the in vitro formation
of the NAD analog has been obtained), other investigations with 2-amino1,3,4-thiadiazole suggest that several metabolic lesions are involved (491). The
complexity of the problem is further demonstrated by the finding that ETD
increases the de novo purine synthesis in vivo, leading to an increased excretion
of uric acid, an effect that is abolished by excess NAA, nicotinic acid, azaserine,
DON, or 6-MP (385), but not by an equivalent amount of NAA (590). The
uricogenic and antileukemic effects of ETD are also abolished by NAD. It is of
interest that ETD inhibits liver-NAD synthesis from NAA in vivo when
administered together at a high dose of NAA, whereas with a low dose there is
stimulation (603). The mechanisms of these effects remain to be established.
The uricogenic effect of ETD is also blocked by another NAA antagonist,
6-aminoNAA. This finding suggests that different NAA antagonists may have
different mechanisms of action (385) and that in certain systems metabolite
(NAA) and antimetabolite (6-aminoNAA) may exert similar functions. The
latter may occur in feedback control (see section III.A.3) or result from a
metabolic conversion (detoxication) of the antimetabolite to metabolite.
III.2.1.B(3). 6-Aminonicotinamide. 6-AminoNAA, one of the most potent
NAA-antagonists, is a powerful inhibitor of several tumors and has been found
without effect when NAA was also administered (596). The drug is converted
in vitro and in vivo to analogs of NAD and ΝADP. It has been reported not to
affect (363) or to inhibit (385) NAD synthesis from NAA. After repeated
administration of 6-aminoNAA to Adenocarcinoma-755-bearing mice no
change in the total NAD+ concentration of the tumor was found, but a markd
drop in the mitochondrial NAD+ concentration occurred (597). Intraperitoneal
administration of 6-aminoNAA to tumor-bearing mice for 4 consecutive days
led to 44, 69, and 83% inhibition, respectively, of 3-phosphoglyceraldehyde,
/Miydroxybutyrate, and α-ketoglutarate dehydrogenase activity of the tumor,
as compared with untreated controls and assayed in vitro; lactic acid dehydro-
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genase was not affected (168,169). These results suggest that 6-aminoNAA did
not inhibit NAD synthesis in the tumor but that oxidative enzyme systems, in
particular those of the mitochondria, became devoid of catalytically-active
coenzymes, perhaps by fixing the newly formed nonfunctioning analogs. That
the inhibition of these systems, which support the ATP supply, is also operative in vivo is further suggested by the observation that the administration of
6-aminoNAA markedly lowers the level of tumor ADP and ATP while greatly
increasing the concentration of AMP. In the tumor where a permanent and
high ATP supply is required, which is produced by a rather low level of NADdependent mitochondrial enzymes and low NAD concentrations, 6-aminoNAA
may show a selective action, leaving normal tissues (such as the lung, which
contains the same quantitative enzymatic equipment as the tumor but
probably requires less ATP, and the liver which possesses a much higher
concentration of NAD and NAD-dependent enzymes) relatively unaffected.
However, prolonged treatment with 6-aminoNAA, leading to subacute intoxication, caused a marked decrease in the oxygen consumption of liver and heart
tissue (478a).
III.2.l.C. Glutamine Antagonists. Azaserine and DON not only inhibit the
synthesis of liver-NAD (with accumulation of nicotinamide mononucleotide)
following the administration of NAA, but, in contrast to 6-MP, also reduce the
normal NAD-level (mainly of NAD+ and not of NADH 2) in mouse liver to a
marked extent within a very short period of time (480, 481). The latter effect
is abolished by NAA. In view of the single effect of 6-MP, the dual effect of
azaserine cannot be explained by an impairment of the formation or utilization
of adenine-containing precursors of NAD only. However, the synthesis of
liver-NAD* in vivo appears to proceed, at least in part, via the formation of
the nicotinic acid analog of NAD (347, 481), whereas the amination of the
latter to NAD occurs with the amide-NH 2 group of glutamine. Azaserine has
been found to inhibit the latter reaction irreversibly in a soluble enzyme
preparation (520), probably as a result of an alkylation of the enzyme [see
III.l.l.B(l)]. However, since no accumulation of the nicotinic acid analog of
NAD in azaserine-treated liver could be observed, and the turnover of normal
liver-NAD appeared too slow to account for the rapid effect of azaserine, the
latter could not have been due to an inhibition of NAD synthesis (481). The
finding that azaserine increased the turnover of liver NAD suggested that an
increase in NAD breakdown was the underlying mechanism of the azaserine
effect; the lowered specific activity of NAD, in which P 3 2- or C 1 4-nicotinicacid
and -ribose had been previously incorporated, being taken as due to azaserinemediated activation of the NADase.
As will be discussed in the next section, certain ethylenimines cause also a
* NAA appears to be the better precursor of NAD in ascites tumor cells (335), whereas
in yeast nicotinic acid serves this purpose. This might be due to a deficiency of glutaihine
in the tumor cells (240a, 528a).
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significant decrease in tumor- but not in liver-NAD. The latter may be due to
the fact that these drugs do not reach the liver in sufficient amount or that the
ethylenimines are more reactive under slightly acid conditions such as may
prevail in the tumor. After administration of iV^nitrosodimethylamine,
which is converted in the liver to CH^, a marked fall in liver-NAD has
been observed (215, 621) without a concomitant decrease in nuclear-NAD
synthesis (621).
III.2.2. ALKYLATING AGENTS

Apart from their effect on nucleic acid and protein metabolism, the alkylat
ing agents may inhibit glycolysis and respiration of solid and ascites tumors.
III.2.2.A. Ethylenimines. TEM inhibited the glycolysis and especially the
respiration of ascites tumor cells in vitro (552). The ethyleniminoquinones,
E-39 and A-139, on the other hand, had no particular effect on respiration but
inhibited the glycolysis at pH 6.0 (328). At pH 7.4, however, no effect on
glycolysis could be observed. The latter difference has been attributed (328) to
a pH effect on the uptake of the drug, but is more likely to result from a pH
effect on the chemical reactivity of the drug. The inhibition of the glycolysis
of ascites tumor cells produced by p-phenylenediphosphoric acid tetraethylenimide and TEPA (iV^iV^,iV^'-triethylenephosphoramide) was more pro
nounced after the drug had been standing in aqueous solution for some time
(445). Incubation of cells with drug at pH < 7.4 had a similar effect. These
phenomena can be attributed to ring opening of the drug, leading to a greater
reactivity (see section V.B); the anticholinesterase effect of TEM and E-39 is
also increased at a lower pH.
The investigations of Roitt (552) and more recently those of Holzer and co
workers (328) have shown that the glycolytic inhibition of the ascites tumor
cells in vitro is due to a marked fall in the steady-state concentration of NAD
which functions as coenzyme of the glyceraldehyde-3-phosphate and lactic
dehydrogenases. The inhibitory effect of TEM, E-39, and A-139 was absent
when NAA was added. Since NAD may react with alkylating agents, the
coenzyme might have been converted to an enzymatically-inactive com
pound. Moreover, the counteracting effect of NAA might be due to the
preferential reaction between the pyridino Ν and the alkylating agent,
instead of between the latter and NAD or some other receptor engaged in
NAD metabolism. Alkylation of NAA by l-ethylenimino-2-hydroxybutene-3
(Tetramin), TEM, and A-139 in vitro has been demonstrated (333). This
reaction proceeded faster at pH 6 than at pH 7, as suggested above. Incubation
of NAD with TEM during 16 hr at physiological pH did not result in a loss of
coenzyme activity (552); on the other hand, only the intracellular pH of glycolyzing ascites cells might be low enough to activate the drug. However, evidence
has been presented (334) that the counteracting effect of NAA, in the case of the
ethylenimino compound, A-139, was not due to a reaction between the former

120

P. EMMELOT

and the latter compound, since, although A-139 reacted at least as rapidly with
nicotinic acid as with NAA, only the latter compound could abolish the
inhibition of glycolysis produced by A-139. The signs of NAA deficiency in
patients treated with alkylating agents may be accounted for by the more rapid
excretion of various nonalkylated metabolites of NAA such as has been
observed after treatment with azaserine (59). Therefore, the fall in NAD
caused by the ethylenimines may be due to either an increased breakdown or
an inhibition of the synthesis of NAD or both mechanisms. That the protective
effect of NAA is not due to an acceptor function in the alkylation has also been
shown to hold for tetramin (179a).
III.2.2.A(1). Mechanisms of action. The splitting of NAD by the NAAsensitive NADase of homogenates, isolated microsomes and mitochondria (due
to contamination with microsomes) of a number of tumors, is very high (198,
199, 526). In fact, it may be assumed that no NAD could possibly exist in the
intact tumor cell if the enzyme was as active as it appears to be in vitro. The
hydrolytic function of the NADase must, therefore, be more or less latent in
the intact cell. Homogenization may upset the normal restricted access of
cytoplasmic NAD to the microsomal-bound enzyme or dilute or destroy a
natural inhibitor of the enzyme. If the NADase is located as a latent enzyme
in the membranes of the endoplasmic reticulum, it may be expected that
homogenization distorts and disrupts these internal membranous networks
(yielding the microsome fraction after differential centrifugation) and, thus,
releases the hydrolytic function of the enzyme, which might then be considered a dysfunction. (Compare the activation of the latent mitochondrial
ATPase as a reaction to damaging the mitochondrial membranes.) Now, the
effect of certain alkylating agents might be interpreted as being due to their
interaction with the lipoproteins of the intracellular membranes (8, 9) leading
to NADase activation (distortion of structure or binding of an inhibitor).
Vacuolization and disruption of the organized membrane structure of the
endoplasmic reticulum in situ (mimicking the effect of homogenization in
vitro) has been observed with the electron microscope in liver cells (208, 209)
after treatment with iV-nitrosodimethylamine (active agent: CHJ) and in
Yoshida sarcoma and ascites hepatoma cells treated with alkylating agents
(600). Since, according to this interpretation, the same effect on the NADase
may be expected to result from the homogenization and the interaction of
alkylating agents with cells, it is not suprising that neither TEM (552), nor
endoxan, nor A-139 (588) activated the NADase of cell-free preparations of
ascites tumor cells or spleen. According to the present view, the decrease in
NAD produced by the ethylenimino compounds and azaserine would be due
to the activation of the NADase, and the counteraction of this effect by NAA
to an inhibition of the NADase.
In contrast to its inhibitory effect on glycolysis in vitro, administration of
TEM to mice carrying ascites tumor cells failed to induce a glycolytic inhibition
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despite an almost complete suppression of mitoses (552). Holzer and Kroger
(329) have, however, shown that the glycolytic rate and the NAD content of
Jensen sarcoma growing in rats dropped markedly after administration of
therapeutic doses of E-39 and other ethylenimines; in brain, spleen, liver, and
kidney no such effect was observed. The fall in the level of tumor-NAD
(mainly in NAD+ and not in NADH 2) was noted before the therapeutic
response set in and might, thus, have been the cause of, or a contribution to,
the antitumor effect, rather than the result of it. NAA administered alone
caused a threefold rise in tumor-NAD. After administration of NAA together
with E-39, the NAD content remained essentially constant and the tumor
failed to be inhibited. A similar result was obtained with the mustard derivative
endoxan (330). In the latter case, however, the drop in NAD has been observed
to follow gross evidence of cellular damage and, therefore, seems to be a
secondary effect (270).
A correlation between inhibition of glycolysis by ethylenimines and lack of
transplantability of treated ascites tumor cells has also been established (523).
Experiments with a relatively resistant tumor showed (589) that the decrease
in NAD content and the glycolytic inhibition of the neoplastic cells under the
influence of carcinostatic ethylenimines were markedly delayed in comparison
with the rapid changes in sensitive tumors.
Since no evidence for an increased breakdown of NAD could be obtained
Holzer and co-workers concluded (588) that the alkylating agents inhibited
the biosynthesis of NAD from NAA or other precursors. The latter conclusion
was supported by experiments (387) in which Tetramin completely inhibited
the in vitro incorporation of C 1 4-ribose and C 1 4-nicotinic acid into NAD of
ascites tumor cells; in cells preincubated with the labeled substrates, Tetramin
caused a decrease of the content but not of the specific activity of the NAD.
Parallel to the decrease in NAD concentration, Tetramin produced an increase
in the NAA concentration of tumor cells incubated anaerobically with glucose.
In connection with the radiomimetic effects of the alkylating agents, it is of
interest to note that the inhibition of the glycolysis of ascites tumor cells
brought about by X-rays, may be accounted for by the production of H 2 0 2
(665) and that the NAD concentration of the irradiated cells diminishes
markedly (433). H 2 0 2 has been shown (332) to cause a drop in the NAD
concentration of ascites tumor cells which could be prevented by addition of
nicotinamide. However, the conclusion that X-rays kill the cell by causing a
fall in NAD is not warranted, since H 2 0 2 or the free radicals formed from
water as a result of X-irradiation may interact with numerous other cellular
receptors. Nicotinamide has been shown to restore not only the NAD but
also the DNA synthesis of irradiated ascites tumor cells (317). H 2 0 2 formed by
the autoxidation of unsaturated fatty acids (and tumors may contain more of
the latter than do normal tissues) is also inhibitory to tumor glycolysis (24a).
Tumor cells with H 20 2-inhibited glycolysis can still be transplanted (324b).
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III.2.2.B. Other Alkylating Agents. The drop in the NAD+ concentration
produced by the above alkylating agents will deprive the glyceraldehyde-3phosphate dehydrogenase of its coenzyme and thus lead to an inhibition of
glycolysis. The dehydrogenase had previously already been implicated in the
inhibition of glycolysis, since various ethyleniminoquinone derivatives
strongly inhibited the crystalline enzyme in vitro (327); a smaller inhibition
resulted from Myleran and even less from TEM. Inhibition by l,6-di(/3-chloroethylamino)-l ,6-dideoxy-D-mannitol and 1,6-di(methanesulfonyl)-D-mannitol, competitive in respect to both substrate and NAD if added simultaneously
with the drugs, has also been observed; the inhibition was reversible by SHcompounds (367). The triosephosphate dehydrogenase of human leukemic
cells was also inhibited by endoxan (425). Tissue hexokinase was not, but
phosphofructokinase was strongly inhibited by incubation with TEM (552).
Both the latter enzymes have been reported to be inhibited by sulfur mustard
(170). Nitrogen mustard and 5-diazouracil [the latter may act as an alkylating
agent: ΞΞΞΟ—N +=N->C+ + N 2] have been shown to inhibit the hexokinase
and phosphofructokinase of 6 different ascites tumors (578, 580). Both the
latter and the former enzymes are dependent upon free SH-groups, which
can be alkylated by the drugs. A high degree of correlation existed between
tumor-growth sensitivity in vivo and glycolysis sensitivity in vitro to diazouracil. However, no general cause and effect relationship could be demon
strated between the inhibition of glycolysis and the destruction of cell viability.
Of the 6 tumors studied in this investigation the 3 lymphatic ones, being the
most susceptible to drugs, were considerable more dependent upon glycolysis
than were the 3 other tumors. Lymphatic tumors also contain a far higher
amount of glycine and alanine—amino acids derived from glycolytic interme
diates—as compared with carcinomas and sarcomas (579). Such quantitative
metabolic differences may contribute to the observed selective sensitivity of
lymphatic neoplasms to alkylating agents in vivo.
Diazouracil depressed the conversion of orotic acid to uridine nucleotides
when tested in a system with an oxidative energy source, but had no such effect
when the energy was supplied by a nonoxidative route [see III.1.1.D(3)]. This
was taken to mean that diazouracil affected the enzymes of oxidative phospho
rylation (629, 630). However, inhibition of respiration of the above-mentioned
6 tumors, including the Ehrlich ascites carcinoma, by N-mustard and diazo
uracil, occurred at much higher drug levels than the glycolytic inhibition. A
potent inhibition by N-mustard and its nitrogen-oxide of the endogenous
respiration of Ehrlich ascites carcinoma cells (endogenous substrate is fatty
acid) and a smaller effect on the respiration in the presence of citric acid cycle
intermediates, has also been reported (651). Resistance of the tumor cells to the
latter drugs was accompanied by an increased respiration and a decreased
glycolysis, as compared with the susceptible strain (464, 652). The oxygen
consumption of leucocytes from patients with chronic lymphatic leukemia was
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inhibited by N-oxide mustard to a greater extent than that of normal leuco
cytes (513). Diazouracil also inhibited the oxidation of α-ketoglutarate by ratliver homogenate (97) but mustards and TEM had no effect on the respiration
of liver (552, 651). However, the oxidative processes of brain and kidney were
impaired by TEM, though the inhibitions developed slower than in ascites
tumor cells. These differences might have been related to the level and turnover
rate of NAD in the various tissues.
Dopan, 5-di(j8-chloroethyl)amino-6-methyluracil, decreased the aerobic
glycolysis and respiration of susceptible tumors, whereas much less inhibition
was noted in a resistant tumor (263). Finally, j3-chloroethylmethanesulfonate
(72) and l,9-di(methanesulfonoxy)nonane (184) have also been found to
inhibit the respiration of Ehrlich ascites carcinoma cells. Apart from the effect
on NAD (synthesis), the alkylating agents may inhibit respiratory and
phosphorylative processes by reacting with the SH-groups of coenzyme A,
lipoic acid (containing two SH-groups) and the factors which play a role in
the phosphorylations coupled to the mitochondrial oxidations.
Treatment of tumor-bearing rats with sarcolysine and dopan led to a decrease
of tumor NAD proportional to the susceptibility of the tumors to the drugs (57a).
Of particular interest, since it may help to solve the problem of how alkylating
agents may lower the NAD content of cells, is the finding of differences in
action of nitrogen mustard on Ehrlich ascites tumor cells under in vitro and
in vivo conditions (266a, b). In vitro treatment resulted in a decreased rate of
lactate production as a result of lowered glyceraldehyde-3-phosphate dehydro
genase activity and a fall in NAD content. The latter was not due to increased
NADase—this enzyme being decreased in activity—but possibly resulted
from an inhibition of NAD synthesis. In the latter respect, the similarity in
effect with the ethylenimines is evident. However, in vivo treatment with HN2
caused a lowered glycolysis, without affecting any of ten glycolytic enzymes
studied, and a marked decrease in NAD content. The latter was related to the
observed increase (more than twofold) of the NADase of the treated tumor
and, thus, resembled the azaserine effect. Inactivation of at least two, if not
more enzymes in vitro, but not in vivo, by NH2 probably stems from a differ
ence in the effective concentration of the drug.
In conclusion, it may be stated that the alkylating agents may inhibit
glycolysis and respiration but that in no case, not even in that of some
of the ethylenimines, is sufficient evidence available to decide whether
carcinostasis is the direct result of the former effect. It should be noted that
the results obtained with the resistant tumor cannot settle the matter because
of the fact that other metabolic parameters of their cells may also be changed
(464). The recent finding* (459a) that the in vivo viability of tumor cells treated
with A139 was not restored by NAA, although the changes in NAD and glyco
lysis were prevented, should make one cautious of attributing the carcinostatic
effect of the drug to the latter changes only. Moreover, although NAA reversed
* More examples in (324b).
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or prevented the decline in anaerobic glycolysis and ATP content of various
ascites tumor cells incubated with 2,3,5-triethylenimino-l,4-benzoquinone,* it
had no effect on the inhibition of C 1 4-glycine incorporation into the tumor
proteins (324a and b, 434). Results obtained with the p-phenylene ester of
di(ethylenimino)phosphinic acid indicated also that anti-cancer activity and
inhibition of glycolysis are not related (445a).
III.2.3. MISCELLANEOUS COMPOUNDS

III.2.3.A. Podophyllin. This compound induces changes in mitochondrial
morphology: these changes have been claimed to be the earliest observable
cytological effect produced in tumor cells by this agent (492). The cytochrome
oxidase, and other oxidative systems, and the NAD concentration in tumors
of mice treated with acetylpodophyllotoxin-ω-pyridine were markedly de
creased (663); a- and j8-peltatin have also been found active in this respect (54).
In homogenates of mouse sarcoma treated with α-peltatin, the decreased rate
of glycolysis could be restored to the level of the untreated tumor by addition
of NAD (663a). Carzinophilin, a tumor inhibitory principle isolated from
Streptomyces sahachiroi, decreased tumor-NAD, glycolysis and respiration
(582a); the glycolytic rate could be restored by NAA.
III.2.3.Β. Styrylquinolines. In the series of styrylquinolines some members
are very toxic both in regard to normal and neoplastic tissue; 4-(4'-dimethylaminostyryl)quinoline (4-DSQ) (Fig. 10) caused a complete regression of rat
lymphomas (279, 342). The search for active compounds of this series has been
completely empirical. Of the 11 analogs studied, the three (i.e., DSQ, the
3-methyl derivative, and the isoquinoline analog) which were the most toxic
for normal and neoplastic tissue showed also the most pronounced effect on
a number of metabolic systems in vitro (203, 204, 336). These compounds
inhibited NAD-linked oxidations of intact and disrupted liver mitochondria,
especially that of glutamate, and inhibited crystalline glutamic dehydro
genase and both the endogenous and glucose-supplemented respiration of
ascites tumor cells, normal liver and tumor slices. The Pasteur effect (inhibition
of glycolysis by respiration) was completely eliminated in solid and ascites
tumors. The anaerobic glycolysis of the ascites tumors and homogenates pre
pared from these was also enhanced; in the homogenates the latter effect was
accompanied by a fall in phosphate uptake. The latent ATPase of liver mito
chondria and ascites tumor homogenates was markedly enhanced. The
ATPase induction and respiratory inhibition account for the disappearance of
the Pasteur effect. It should be emphasized that the in vitro metabolic effects
obtained in this study are only illustrative of the intrinsic activities of the
drugs in regard to the particular enzyme systems. Though it cannot be
excluded that still other processes are affected in vivo, the in vitro effects are
so pronounced as to render the conclusion rather inescapable that the latter
at least contribute to the acute toxic effects shown by the styrylquinolines
* Other workers have failed to find glycolytic inhibition and lowered NAD-content
following incubation of ascites cells with this compound (Trenimon) or HN2-oxide (420b).
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in vivo. The abolishment of the Pasteur-effect by two members of the styrylquinoline series has recently been confirmed for a reconstructed system con
sisting of a glycolyzing supernatant and added mitochondria (222). The
finding that a quaternary salt of 2-(4/-dimethylaminostyryl)quinoline was very
active in the latter respect but showed little inhibition of tumor growth, was
taken to mean that the metabolic effect stood in no relation to the antitumor

4.(4 ^Dimethylaminostyryl )quinoline
(DSQ)

4- (4 '-Dimethylaminostyryl )isoquinoline

4-( 4 '-Dimethylaminostyryl) - 3 -methylquinoline

Stilbestrol

4- (4 '-Dimethylaminophenyl)
azoquinoline (DAQ)

4-Aminostilbene
FIG.

10.

effect of the styrylquinolines (222). This conclusion is, however, incorrect
because it does not reckon with the distribution of the drugs in vivo. The
quaternary salt is more soluble than the parent compounds and is highly toxic,
probably as a result of its distribution in the animal; it is impossible to get
enough of the drug into the tumor without killing the host.
4-(4'-Dimethylaminophenyl)azoquinoline (or DAQ), the isoster of DSQ by
replacement of the ethylene by an azo bridge, showed in vitro metabolic effects
rather similar to those of DSQ but lacked the antitumor effect. It may be
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visualized that the azo compound penetrates less easily into the target cells
or is rapidly degraded to an inactive product in vivo by reductive splitting of
the N = N bond. DAQ, in contrast to DSQ, belongs to a class of very potent
hepatocarcinogens (85). The two compounds, DSQ and DAQ, acted differently
on intact mitochondria in that the activation of the latent ATPase by the
former but not by the latter compound was dependent on Mg++, whereas the
inhibition of glutamate oxidation produced by DSQ was more pronounced
than that by DAQ, the latter but not the former inhibition being to a large
extent counteracted by addition of NAD (203, 204, 207, 217). However, when
the glutamate dehydrogenase was made soluble by disruption of the mito
chondria, both compounds inhibited the enzyme competitively in respect to
NAD, with DAQ now being more active than DSQ. The greater inhibitory
effect of DAQ was also found with crystalline glutamic dehydrogenase from
beef liver. The inhibition produced in this case by DSQ was of the noncompeti
tive type whereas that by DAQ was of the mixed type. The relative differences
between the inhibitory effects of DSQ and DAQ in regard to the glutamic
dehydrogenase of intact and disrupted mitochondria may be attributed to a
better penetration by DSQ than by DAQ into the particles. Another aspect of
the action of DSQ and DAQ is worth mentioning. Following the finding that
stilbestrol and thyroxine (202, 682, 693-695) inhibit the interconversion :
glutamate + NAD

s
a-ketoglutarate
+ N A D H 2 + N H 4+

(43a)

by crystalline glutamic dehydrogenase, it appeared that both compounds
promoted the interconversion:
alanine + NAD+

^

pyruvate + N A D H 2 + N H 4+

(43b)

by the same enzyme (645, 683). Evidence was presented that the hormones
caused the disaggregation of the enzyme (MW: 1 χ 10~6) into smaller subunits,
possessing alanine dehydrogenase instead of glutamic dehydrogenase activity.
DSQ and DAQ have also been found (217) to induce alanine dehydrogenase
activity in crystalline glutamic dehydrogenase.
III.2.3.C. Sarkomycin. Studies carried out with the antibiotic sarkomycin
(2-methylene-3-oxocyclopentane carboxylic acid) which is highly inhibitory
to the Ehrlich ascites carcinoma, have also implicated an interference with
energy production as a likely mechanism of action (48). The antibiotic caused
metaphase arrest and agglutination of chromosomes, and the mitochondria of
the tumor cells became rounded—a characteristic phenomen of injury. The
respiration of the cells was inhibited to a small extent, but the incorporation
of glycine-1-C 14 into the tumor proteins was inhibited for about 70% both in
the absence and presence of glucose. Experiments with P 3 2-labeled phosphate
indicated that sarkomycin interfered with the reactions of the adenylic acid
system since a marked decrease in labeling of ATP was observed which was
compatible with the assumption that either the rate of formation of ATP was
inhibited or that this compound was broken down at an increased rate. The
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decrease in the net ATP output was sufficiently high to account for the sup
pression of amino acid incorporation. A recent report (392) that sarkomycin
has no effect on the respiration and phosphorylations of liver mitochondria
calls for a closer study of a possible difference in effect of the antibiotic on the
intermediary metabolism of normal and neoplastic tissue.
Except for the respiratory inhibition produced by the styrylquinolines and
sarkomycin, their effect on the ascites tumor cells resembled that of the
classical uncoupling agent 2,4-dinitrophenol (DNP, Ι Ο - 4 M). DNP depresses
the amino acid incorporation into ascites tumor protein for about 30-50%
(216, 528) under anaerobic conditions with glucose present (the energy for the
incorporation is then provided by glycolytic ATP). The latter inhibition is due
to increased dephosphorylation of glycolytic ATP under anaerobic conditions
in the presence of DNP. DNP caused also a marked increase in anaerobic
glycolysis of ascites tumor cells. It is of interest that a 15-min treatment of
ascites cells with DNP in vitro rendered these cells incapable of taking on
subsequent intraperitoneal transplantation (679); inhibition of tumor growth
by DNP has also been noted (477). DNP stimulates the respiration of normal
and neoplastic tissue by abolishing the mitochondrial oxidative phosphoryla
tions (the rate of ATP production normally governs the hydrogen and electron
transport in the respiratory chain) but at concentrations higher than 10~ 4J/
the respiration becomes inhibited. There is some indication that the respiratory
inhibition produced by DNP increases at pH's lower than 7.4 (216). Since it is
known that the pH of tumor tissue in situ is lower than that of the surrounding
normal tissue, DNP may exert its inhibitory effect earlier in tumor than in
normal cells.
All the compounds mentioned in this section (III.2.3) and also stilbestrol
(see below) have much in common—they appear to interfere with both nuclear
and cytoplasmic functions. To what degree these effects are related remains
to be established. There may exist cause-effect relationships, e.g., the loss of
energy production in the cytoplasm giving rise to nuclear damage, or various
receptors in nucleus and cytoplasm being affected simultaneously. Thus, the
induction of abnormal mitotic figures by sarkomycin might not only result
from changes in high-energy phosphate metabolism but might* also be due to
the interaction of this ex.-β unsaturated ketone with nuclear SH-groups (com
pare also the alkylating agents; the SH-group of cysteine may form an ad
duction with the ethylene bond of DSQ). The carcinostatic aminostilbenes,
which show some chemical relation to the styrylquinolines, also produce
mitotic disturbances. However, the morphological changes which appear in
nondividing tumor cells support the assumption that general metabolic
disturbances are induced by the aminostilbenes, which can be so drastic that
the cells are killed in the premitotic stage (378). It is of further interest to note
* The inhibition of DNA synthesis of ascites cells by sarkomycin has recently been
attributed to an interaction with the SH-group of DNA polymerase; sarcomycin is
inactivated non-enzymatically by glutathione. The cell nucleus appeared to be affected
primarily by various sarkomycin derivatives (mitotic inhibition); respiratory inhibition
was also found (99a).
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that 4-aminostilbene, 4-(4,-diethylaminostyryl)quinoline, and the Myleran
type of alkylating agents show the same pattern of effect on the hemopoietic
system (196). DSQ has recently been described as a radiomimetic agent on
morphological grounds (160a).
III.2.4.

HORMONES

III.2.4.A. Stilbestrol. Mitotic abnormalities have been produced by stilbestrol in cultures of rabbit fibroblasts and inhibition of the cleavage of seaurchin eggs has been observed (176). Stilbestrol inhibits markedly crystalline
glutamic dehydrogenase and the glutamate oxidation of isolated liver mito
chondria (202, 695) and depresses the respiration of ascites tumor cells to some
extent (216, 592). The mechanism of the effect on glutamic dehydrogenase has
been discussed above. Stilbestrol activates the ATPase of liver mitochondria
and ascites tumor homogenates at 37° C and abolishes the Pasteur effect
in ascites tumor cells (216). Inhibition of glycine incorporation into the
proteins, of formate incorporation into adenine and guanine and of phos
phate into DNA by stilbestrol has also been observed (592); some inhibi
tion of tumor growth has been obtained. Stilbestrol and stilbestrol diphosphate
are currently used clinically in certain cases of carcinomas of the prostate (see
section V.4.2).
III.2.4.Β. Thyroxine. Thyroxine and related compounds inhibit tumor cell
respiration and increase the aerobic glycolysis (counteract the Pasteur effect)
(104). Thyroxine is known as an uncoupler of oxidative phosphorylation of
mitochondria. However, in order to obtain this effect with isolated liver
mitochondria of the rat, a pre treatment of the particles is required. It has been
shown that pretreatment of mitochondria from certain tumors is not required
for thyroxine to uncouple the oxidative phosphorylations (200, 206). Luhrs
(430) has recently reported a very interesting observation on the clinical
application of triiodothyronine. This compound had the effect of eliminating
drug-resistance, and patients with, for example, mammary carcinoma who
had become unresponsive to estrogen therapy began to respond again after
administration of triiodothyronine. A patient with lymphatic leukemia, who
had become resistant to TEM, was treated with triiodothyronine and after
wards required only 7 mg of TEM to go again into remission for more than one
year. It has been shown (403) that thyroid hormones may enhance the aglycerophosphate oxidase of liver mitochondria; this effect can be described
as a de-repression of the enzyme's synthetic mechanism. It would be of interest
to know whether the hormones may show a similar effect in tumors, giving
rise to altered metabolic states (compare below).
III.2.4.C. Corticosteroids. Corticosteroids may counteract chronic lymph
atic leukemia in man (365). Cortisone inhibits spontaneous lymphocytic
leukemia in mice, and 9-a-fluorylhydrocortisone even causes complete regres
sion of transplanted lymphocytic neoplasms (455).
Cortisone and dihydrocortisone induce profound alterations in lymphoid
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tissue histology in vivo and also in lymphocytic morphology in vitro. These
corticosteroids inhibit antibody formation, which might be due to an effect on
permeability and protein synthesis that in turn may be conditioned by the
available energy and substrate. Cortisone and its dihydro derivative have been
shown to inhibit the glycolysis and respiration of lymphoid cells both in vivo
and in vitro (354); swelling of mitochondria (146) and an effect on trans
amination reactions (553) have also been observed. The latter effect appears to
be due to an induction (de-repression) of the enzyme (cf. 132).
Recently Cortisol has been reported (554) to inhibit the growth of the
Walker rat tumor for up to 90% and to raise also the alanine-a-ketoglutarate
transaminase of the tumor very significantly. The feeding of a high protein
content had similar effects. Fasting and alloxan diabetes, which also inhibit
tumor growth, had only a slight effect on the transaminase. Tumor growth
and the level of the transaminase may, thus, appear to be inversely related
under certain conditions. The nature of the relationship is obscure; the
increased enzyme activity may result from an inductive effect of the hormone,
but whether the hormone creates a metabolic imbalance, related to the trans
aminase activity or to still other functions, and is thus upsetting proliferation,
is not known. If the action is direct on the tumor, the hormone might act as an
enzyme poison or as an inducer (or repressor) of certain metabolic functions
which counteract (or favor) unrestrained growth. In this connection (com
pare thyroxine), it is of interest that corticosteroids may turn drug-resistant
tumors drug-sensitive again. At subtoxic concentrations, cortisone has been
found to restore the intercellular contacts of in vitro growing stilbestrolinduced hamster-kidney tumor cells to the pattern observed for growing
normal epithelial cells of kidney cortex (15a).
If administered together, glucagon and insulin, both hormones of carbo
hydrate metabolism, are markedly inhibitory to two transplanted rat tumors
(70-80% fall in tumor weight), the inhibition being considerably greater than
the sum of the individual effects (571). The mechanism of action of these
hormones on tumor growth is not readily explicable in metabolic terms, but
if glucagon supplements the peripheral action of insulin on normal tissue, the
effects of the two hormones in draining away metabolites (glucose) may be
envisaged to lead to tumor "starvation."
Further investigations with a large number of transplanted mouse tumors
showed (358, 359) the inhibitory effect of glucagon to be rather general.
Significant inhibitions, ranging from 40-100%, were obtained with glucagon
against subcutaneously implanted tumors; ascites tumors were not affected.
Preliminary studies indicated that drug-resistant tumors became drugsensitive if glucagon was administered simultaneously. The conclusion that
glucagon inhibits tumor growth not by a direct action on the tumor but
indirectly as a consequence of its effect on host metabolism, was supported
by the finding (260) that the hormone did not inhibit either the growth of
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cultured Earle's strain L cells or the oxygen and glucose consumption of slices
of the Novikoff hepatoma, which is inhibited by glucagon in vivo.
III.2.5. T H E T H E O R Y O F W A R B U R G
Finally, Warburg's theory on the origin of tumor cells should be considered
briefly, since this theory would allow the conclusion that the glycolytic ATP
is indispensable for the neoplastic cell. If so, it might be possible to check
tumor growth easily and selectively by interfering with the glycolytic pathway
of tumor cells.
Warburg's theory (664) is based upon the observation that the rate of the
glycolysis relative to the respiration may be high in tumors. The theory states
that the carcinogenic stimulus inflicts an irreversible injury upon the respiratory systems located in the mitochondria, as a result of which the cells die
because the necessary energy for survival is lacking. However, a number of
cells are considered to be capable of adapting themselves to the new situation
by an increase in their glycolysis. These cells, in which aerobic glycolysis has
replaced the mitochondrial oxidations as the main source of energy, now
survive as cancer cells (666, 667).
A number of investigators, especially Weinhouse (670, 670a), has taken
exception to the views expressed by Warburg. They point out that, although
the glycolysis of tumor cells is generally high, there is no reason to assume that
the tumor respiration per se is low and that it is, therefore, not correct to
consider respiration as to be irreversibly injured. Moreover, it is now becoming
increasingly evident (183, 414) that a number of normal tissues, taken directly
from the animal or cultured in vitro, show a high glycolysis and a " l o w "
respiration. For instance the Q 0o of human liver appears to be particularly low.
It may be added that in a number of cases no difference exists between the
oxygen consumption of the tumor and its tissue of origin (e.g., rat liver,
primary and transplanted hepatomas, hepatoma ascites cells), although the
aerobic glycolysis is much higher in the tumor. Malignant lymphoblasts cultured in vivo showed (336) the same, if not a higher, respiration than their nonmalignant counterparts. Transplanted mouse (4) and rat hepatomas (3) have
recently become available which show no aerobic glycolysis. Anaerobically
glucose cannot sustain amino acid incorporation in these tumors; thus, the
generation of glycolytic ATP is too low to serve the anabolic demands.
Warburg has suggested that only ascites tumors should be studied. As concerns
Warburg's suggestion, it should be noted that there is no reason whatsoever to
regard the metabolic properties of ascites tumor cells as representing those of
the cancer cell as it arose in first instance (206). Nevertheless, in Warburg's
recent papers the metabolic behavior of ascites tumor cells is presented to
furnish definite proof for this theory on the origin of cancer cells. Even when,
for the sake of argument, the discussion is limited to ascites tumor cells, the
following evidence contradicts the concept of a respiratory defect in these cells.
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a. The respiration of ascites tumor cells can be enhanced to Q 0 Z values of
well over 2 0 by uncoupling of the oxidative phosphorylations in the mito
chondrial respiratory chain (216, 684); a QQ2 of 10 or higher has been found
for the endogenous respiration of these cells.
b. The incorporation of amino acids into the protein of ascites tumor cells is
similar in the presence and in the absence of glucose, although in the latter
case no glycolysis takes place (205, 216, 527).
c. The active glycolysis of the cells actually inhibits respiration (Crabtree
effect) by competing for inorganic orthophosphate (PA) and adenine nucleotides
(345).
d. The oxidative phosphorylation of isolated ascites tumor mitochondria is
as efficient as that of liver mitochondria (60, 206).
e. The NAD content of ascites tumor mitochondria is even higher than that
of liver mitochondria (61, 201).
All these findings discount the assumption that an "irreversibly injured"
(functionally insufficient) respiration is replaced by an active aerobic glyco
lysis in tumor cells. It should also be pointed out that no evidence has yet been
presented for the view that the high aerobic glycolysis is really necessary for
tumor growth; the available data on both normal and cancer cells cultured
in vitro suggest the opposite (183, 414, 562). The high glycolysis of the cancer
cell must probably be considered tobe a secondary phenomenon accompanying,
but not essential for, growth if enough oxygen is present; as far as the in vitro
evidence is concerned, there is no reason to suppose that a high aerobic
glycolysis is the propelling requirement for the rapid growth of tumor cells.
However, in cases in which the oxygen supply is limited—and the partial 0 2
pressure in tumor transplants in situ is low (655)—a high glycolytic potential
may be of advantage (336).* In that case, the blocking of the glycolytic path
way might lead to the arrest of tumor growth. However, in those tumor cells
growing at the periphery of the tumor, which are supplied with oxygen,
inhibition of glycolysis would have no effect on respiration because these cells
are able to oxidize fatty acids captured from the environment (456, 457). It
has been suggested by Warburg that the respiration of the cancer cell might
not contribute to the energy output because the oxidations were not coupled
to the phosphorylations. This has, however, been disproved on numerous
occasions (216, 205, 60, 2, 210, 336, 206).
1

Studies with cell-free preparations of transplanted tumors have shown that
several components of the oxidative machinery may be present in low concen
tration (e.g., succinic oxidase, cytochrome oxidase) (268). The finding that the
respiration of liver and hepatoma slices is almost similar in spite of a lower
succinic oxidase content per average tumor mitochondrion (206) and a
diminished number of mitochondria in the cancer cells, along with other
pertinent data, indicate that normal nonproliferating tissues may have a
* This growth advantage may "select" tumor cells arising in a population of cells (12)
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reserve capacity of certain oxidative components which is lacking in the
tumor. The latter operates already at a (near) maximal rate. That this differ
ence is not manifest when incubation is carried out in the absence or presence
of glucose in vitro is probably due to the fact that other oxidative and/or
phosphorylative reactions may be limiting the rate of the over-all 0 2 uptake;
when succinate—whose oxidation is little dependent upon ATP turnover—is
added, a marked difference in Ο2 uptake between liver and hepatoma (with the
exception of the minimal-deviation hepatomas) does become manifest.
The low concentrations of a number of apoenzymes and coenzymes (e.g.,
NAD, coenzyme A) engaged in mitochondrial oxidations in certain tumors
might provide a basis of chemotherapy.
III.2.6.

T H E H E X O S E MONOPHOSPHATE

SHUNT

Recently, a paper by Sahasrabudhe (569) appeared under the provocative
title, " A New Approach to the Chemotherapy of Cancer," in which it was
suggested that drug interference with the hexose monophosphate oxidative
pathway (shunt) of tumors might result in preferentially arresting the tumor
growth. Tumors, in contrast to normal tissues, were supposed to derive the
necessary energy via the shunt, because their high rate of nucleic acid synthesis
would result in the depletion of the level of precursors to be used for the
synthesis of NAD that is functioning in the oxidative reactions of the citric
acid cycle. However, these considerations are incorrect for the following
reasons: First, the first two enzymes of the shunt (glucose-6-phosphate and
6-phosphogluconate dehydrogenases) are both NADP-dependent and the
level of NADP in the tumor is exceedingly low (247). There is no reason to
suggest that in the tumor these enzymes are dependent upon a coenzyme other
than NADP since the tumor enzymes have been shown to use NADP. More
over, NADP is formed from NAD. Second, the conclusion that the shunt is
preponderant in tumors as compared with normal tissue is not justified (the
data quoted by Sahasrabudhe do not allow any conclusion about the quantita
tive aspect). In rat liver, spleen lung, red blood cells, adrenal, retina, and the
lactating mamma, the shunt is markedly active or at least some of its enzymes
(including the dehydrogenases) are present in a high concentration. Third, it
is generally assumed that the shunt is not engaged in energy production; in all
probability the reduced NADP does not deliver its hydrogen to the respiratory
chain but is used in reductive syntheses (e.g., of fatty acids). The present
criticism is not directed so much against the possibility of blocking tumor
growth by interfering with the shunt pathway—although a selective effect
may be difficult to establish—but rather against the arguments which were
presented as a rationale for such a therapy.
IIL3. Membrane Function
Drugs and foodstuffs which arrive at the tumor cell must be taken up via
the limiting membranes.
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1. Since there is some evidence to indicate that the membranes of tumor
cells differ from those of normal cells, tumor growth might be counteracted by
selectively interfering with the membrane transport sites.
2. More selectivity of antitumor action might be obtained if a drug is
accumulated by tumor cells on account of some special property of the tumor
cell membrane. For this purpose a "target-seeking device" (carrier) should be
built into the drug (compare also sections III.1.4.C. and V.4.1).
Exact knowledge about the surface properties of normal and cancer cells,
such as the permeability, chemical structure, enzyme content, and the
presence of tissue-specific factors, is scarce. It is only recently that research in
these problems with regard to solid tissues, has been initiated (15a, 211, 381,
484).
Cohesion between malignant cells is low and that between malignant and
normal cells is decreased. The reduced mutual adhesiveness of tumor cells has
been related to a deficiency of calcium on their surface. The difference in
adhesiveness is well illustrated by the following observation: Finely minced
hepatoma tissue, suspended in a phosphate buffer of pH 5.4, readily yields a
suspension of single cells which after harvesting show a respiration, glycolysis,
and Pasteur effect at least as high as those found with hepatoma slices (217).
Liver tissue treated in the same way yields no single, or at best, broken cells.
Single cells prepared from liver tissue by other means (chelating agents) show
certain metabolic defects, possibly as a result of the removal of C a ++ (360).
Studies by Ambrose (15) have shown that purified crystalline a-chymotrypsin in a concentration of 2 χ 10~5 g/ml is cytotoxic for tumor cells main
tained in vitro, without affecting normal cells. Chymotrypsin may act similar
to trypsin, which is one of the most effective enzymes for breaking intra
cellular contacts in normal tissues. Since trypsin breaks peptide bonds
involving arginine and lysine whereas chymotrypsin attacks linkages involving
phenylalanine and tyrosine, the above results suggest that a less basic protein
is associated with the membrane structure of the tumor cell. This conclusion
is in accord with the finding that the cells of kidney and liver tumors carry a
considerably higher negative electrical charge than the homologous .normal
cells (13, 524). It has been suggested that such changes in surface proteins may
possibly provide a new clue to the chemotherapy of cancer. The lack of
adhesion and the carrying of a high negative electrical charge is also shown by
blood cells and cells of regenerating liver (37, 563), and it is therefore import
ant in choosing a chemotherapeutic agent to select one which does not react
strongly with these normal cells. Model experiments showed that one positively
charged polyelectrolyte (polyethyleneamine) showed some measure of
specificity towards tumor cells (14). The increased adhesion of the tumor cells
in the presence of polyelectrolytes, as evidenced by agglutination, may provide
a means to counteract metastasis.
In view of the fact that the success of the cancer cell has frequently been
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attributed to its superior ability to capture all kinds of nutrients, including
proteins, from the environment, it would be of particular interest to know
whether the coating of the cell membranes with polymer hampers permeability
and pinocytosis. If so, a situation might be realized similar to the one envisaged
by Hechter (302), who proposed to restrict the entry of extracellular requirements into the tumor cells by macromolecular substances (such as polyvinylpyrrolidone) capable of forming a kind of artificial "ground substance." It has
in fact been found (240b, 550) that the polysaccharide present in Tragacanth
powder, which is inhibitory to the Landschutz ascites tumor in mice, is fixed
to the surface of the ascites tumor cells within 10 min after treatment, but
does not penetrate before 5-6 hr. In vitro cell treatment followed by in vivo
mouse tests showed that the reduction ensuing in mitotic index resulted from
less than 30 min treatment. Evidence of an influence on cell permeability is,
however, thus far negative. Various polymers appeared to possess a tumorinhibitory activity in the order of 50-90% (530, 531, 532), but the mechanism
of action of these macromolecules is unknown.
Some evidence of interference by Myleran (busulfan) with phosphate uptake
into tumor cells has been presented (648). Of interest in this connection is the
suggestion that Myleran might interact with the membranes of the endoplasmic reticulum (see p. 105) and that a SH-protein is involved in monosaccharide transport (32) and sodium uptake (401a). The ouabain-sensitive
ATPase of isolated plasma membranes from liver and (microsomal) membranes from crab nerve—an enzyme engaged in ion transport and probably
(indirectly) in that of sugars and amino acids across membranes—is inhibited
by sulfhydryl reagents (217, 614a). It is suggested that alkylating agents,
especially Myleran and congeners, may interact with membrane-SH groups
and thus affect transport processes. The latter effect may underlie the vesicant
action of the alkylating agents. Interaction between chlorambucil and cell
membranes is indicated (419a).
The uptake and localization of drugs will now be discussed briefly. The term
"uptake," covering transport across the cell membrane, is used here as
distinct from localization. Selective localization may result from some intracellular condition such as the increased concentration of certain drug-sensitive
receptors in proliferating cells. The increased sensitivity of the Walker tumor
following glucose treatment to aromatic nitrogen-mustards carrying basic
side-chains may be due to an increased localization of the basic drug in a tissue
(i.e., the tumor) that is more acid as a result of lactate production (558).
However, in many cases in which an accumulation of a given substance, e.g.,
porphyrin (680), polyxenylphosphate (474), in a tumor has been observed, it is
impossible to decide, on the evidence available, whether selective uptake or
localization is the underlying principle. For instance, the enzyme ribonuclease
shows some selectivity in destroying certain tumor cells (402). As a protein,
the enzyme might be taken up by pinocytosis; but, as a basic protein, it may
find more anionic receptors inside the tumor than inside normal cells. Tumors
concentrate proteins, such as serum albumin (92, 93), to a greater extent than
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do normal tissues. An attempt has been made by Bergel et al. (45), otherwise
without success, to exploit this phenomenon, which may be the result of a
greater uptake (128), by administering to tumor-bearing animals serum
albumin to which latent alkylating groups have been attached.* The principle
is further restricted by the fact that a number of cells in the body, such as the
brush border-lined cells of the kidney, also rapidly take up proteins by
pinocytosis. Thus, in order to obtain selectivity it is necessary to design drugs
whose action is dependent on yet other parameters. Instances of such attempts
to increase selectivity of action will be discussed in the section on alkylating
agents (section V.4.).
Since large polymers of infectious RNA and DNA obtained from viruses can
enter cells, Heidelberger (310) has prepared a FUMP polymer of an approxi
mate M.W. of 30,000 by enzymatic means (polynucleotide phosphorylase).
The polymer, polyfluorouridylic acid, was 500 times more effective as an
inhibitor of the incorporation of formate into DNA-thymine of ascites tumor
cells than the corresponding monomer at equal ultra-violet absorption levels.
Polymeric dFUMP was only slightly more active than the monomer (296a).
It is known that mononucleotides cannot enter (ascites tumor) cells; the
former must first be dephosphorylated at the cell surface to produce the
nucleoside in order to get in. Cell membranes, isolated (211) or in situ (219),
contain an active 5'-mononucleotidase, converting adenylic acid to adenosine.
Alteration of the phosphate charge of dFUMP, the drug inhibitory to the
thymidylate kinase, by esterification, did not permit entry either. The cholesteryl ester of dFUMP was less active than the parent drug; clumping of cells
was observed at higher concentrations (296a).
Variation in penetrability may be a powerful factor in conditioning the
effective action of many drugs on their target cells; the chemotherapeutic
value of methotrexate has recently been attributed to differences in the
permeability of various tissues to the agent (675a).
In the present context it is worth mentioning that antimetabolites might
compete with the corresponding metabolites for a transport site in the cell
membrane. The possibility of an antagonism at the site of cellular transport
should be kept in mind whenever the effect of antimetabolites, and the
reversing effect of the corresponding metabolites, is studied. For instance,
ascites tumor cells do actively concentrate various metabolites, such as amino
acids and sugars; competition between related compounds for an active site of
transport has been observed. The carcinostatic amino acid analog, 1-amino
cyclopentane carboxylic acid, inhibits the uptake and incorporation of
glycine by Ehrlich ascites carcinoma cells (583). When the analog was injected
into ascites-tumor-bearing mice, the concentration in the tumor cells slowly
dropped from an initially high level to an equilibrium value which did not
differ appreciably for sensitive and resistant tumor cells, but was two- to
threefold the concentration in most host tissues at the same time (619). No
* Evidence that albumin, chemically modified to a certain extent, may be of value as an
agent carrying cytotoxic groups into neoplastic cells, has recently been presented (617a).
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incorporation into tumor proteins occurred, 95-99% of the intracellular drug
being recovered in the acid-soluble fraction. The drug appears to be metabolically inert (lack of α-H). The effect on membrane transport might con
tribute to the antitumor effect of this drug, next to the inhibition of amino acid
incorporation that appears to be exerted at the level of aminoacyl-s-RNA
formation (45b). 6-MP and 8-AzG inhibit the transport of uric acid into human
erythrocytes by 80-90% (397b).
A lower than normal efficiency of azaserine uptake has been found (512)
with four ascites tumors resistant to the drug; in one case the correlation was
lacking. Indirect evidence suggesting a possible permeability barrier to
nitrogen mustard in resistant hepatoma ascites cells has also been presented
(465), but in a second case (317a) a significant difference in the permeability
of susceptible and resistant tumor cells for nitrogen mustard oxide was lacking
(resistance being attributed to an increase in nonprotein SH-groups). In
another case the possibility was considered that resistance was connected with
a change in permeability for amino acids (632a; the resistant tumors showed a
50% lesser incorporation of amino acids than the susceptible tumor). See
(677b) for review.
Ill A. Phospholipids and Lipids
Commercial wheat-germ lipase (an ali-esterase) has been found (15) to have
a cytotoxic effect on cultured tumor cells at a concentration of 10~ 4 gm/ml,
which did not influence normal cells. Since the enzyme affected the adhesive
ness of ascites cells to glass, it was probable that the selective action of the
lipase took place at the cell surface. The interaction between enzyme and cell
membranes could be observed microscopically by tagging the enzyme with a
fluorescent dye. Irreversible agglutination of tumor, but not of normal cells
occurred (20a).
The long-chain fatty acids, stearic, oleic, and linoleic, were also found (15)
to be more toxic for tumor than for normal cells; these results were also inter
preted on the basis of an interaction with cell membranes. In this connection
it is of interest that the ATPase of cell membranes, which is presumably
involved in membrane transport, is inhibited by oleate (211). On the other
hand, long-chain fatty acids are known to abolish mitochondrial oxidative
phosphorylation by inducing ATPase activity and to inhibit succinate oxida
tion (212) following interaction with the mitochondrial membranes. The un
coupled oxidative phosphorylation of fresh mitochondria obtained from a
particular transplanted rat hepatoma appeared to be due to the presence of
long-chain fatty acids in the tumor homogenate and the adsorption of such
onto the mitochondria (210, 212). Uncoupling and inhibition of succinate
oxidation of liver mitochondria by oleate is dependent upon the number of
mitochondria present; the smaller the number, the greater the effects. This
might explain why tumor cells, possessing less mitochondria than many
normal cells, are more sensitive to the long-chain fatty acids. Inhibitions of the
respiration (la, 143, 144) and glycolysis (482) of ascites tumor cells by long-
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chain fatty acids have been obtained. The toxic effects of certain sera on
cultured cells may be due to the former's content of long-chain fatty acids;
the serum of tumor-bearing rats contain an uncoupling substance, presumably
one of these fatty acids. The tumor-inhibitory principle of royal jelly appears
to be 10-hydroxy-2-decanoic acid; saturated or unsaturated 9- and 10-carbon
straight-chain carboxylic acids are also inhibitory to tumor growth (646).
It has been reported (65) that the soluble, NAD-linked, α-glycerol phosphate
dehydrogenase is very weakly active or absent in most tumors. This would
mean that tumor cells were unable to synthesize their own α-glycerol phosphate
(from dihydroxyactone phosphate) required for the formation of phospho
lipids and neutral fats, and accordingly were dependent on host α-glycerol
phosphate or glycerol. If so, interference with the uptake* of the latter by the
tumor cell or with glycerol kinase could form an interesting possibility to
deprive tumor cells from an essential metabolite; active phospholipid synthesis
is associated with proliferation and occurs during pre-prophasic processes
(415). However, it has recently been shown (213) that tumors may contain
an active α-glycerol phosphate dehydrogenase and produce appreciable quan
tities of α-glycerol phosphate from glucose-6-phosphate, but show a negligible
glycerol kinase activity (217). A search for inhibitors of phospholipid synthesis
might be of interest, although the recent claim that tumors contain a specific
phospholipid (384) may be unwarranted.

IV. SELECTIVE TOXICITY
Cancer chemotherapy aims at the preferential destruction of a tumor growing
in the host. In theory, the agent should possess selective toxicity by interfering
solely with the biochemical activity of the cancer cell. Tumor cells may be
more sensitive to drugs than normal resting cells, for reasons discussed pre
viously. However, a number of normal dividing cells, such as the intestinal
mucosa, bone marrow, and the reproductive organs, act in several respects
biochemically much like tumors and are damaged by the same agents which
interfere with tumor growth. Moreover, since it has not been found possible to
arrive at an operative definition of the cancer cell in detailed biochemical
terms, in view of the differences which exist according to the type of tumor
or even according to individual tumors of the same type, the term "selective
toxicity" applies, at best, to the selective destruction of certain tumors or a
particular tumor type (or types) by a given drug. Experimental and clinical
evidence have borne out this concept. The "spectrum" of activity of a drug
may vary from small to broad, that is, few or many different experimental
tumors may be affected; a differential response of a solid and the corresponding
ascites tumor is possible (129, 299). The reasons why some tumors do not
* It is of interest that no alkaline glycerol phosphatase can be demonstrated in the
isolated plasma membranes of liver cells, whereas significant activity is found in those of
the hepatoma cells (217).
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respond to an antitumor drug while other tumors do, may basically be the
same as those underlying the different responses of various normal tissues to
the drug. The phenomenon of resistance, whether natural or acquired, must
therefore be analyzed in biochemical terms in order to reach sound criteria for
selective toxicity.
In the previous section (III), several instances have been cited of semirational attempts to attain a differential inhibition of tumor growth. The
following examples may serve to illustrate how some measure of selectivity of
action has been reached in certain cases:
1. The thyroid collects iodine for the synthesis of thyroxine. This property
makes it possible to destroy thyroid cancer by the radiation damage from
administered I 1 31 since the primary tumor is still able to take up iodine, in
contrast to its metastases which are much-less, or not at all, active in this
respect.
2. Sulfate is incorporated into the tissue mucoproteins of young animals
but only to a very small extent into those of adults. Large doses of S 3 5-labeled
sulfate have been found to exhibit a selective radiotoxicity for growing
cartilage of mice and rats. These observations led to an investigation of the
possible use of S 35 as a selective radiotoxic agent for tumors containing
cartilage (chondrosarcomas (265)). A transplanted teratoma and a sarcoma
were reduced to less than 30% of the controls after administration of S 3 5sulfate. Less responsive tumors were shown by radioautography to contain
only a small proportion of the structure that contained the isotope.
3. Para- meta-, and or^o-phenylenediamines have been found to combine
chemically with the melanine precursor dihydroxyphenylalanine. This
afforded a rationale for the administration of phenylenediamine to melanomabearing animals (542, 544). Three different melanomas were inhibited as a
result of this therapy. A maximum carcinostatic action of approximately
90% was observed when mice bearing the Cloudman S91 melanoma were
treated with o-phenylenediamine. Although the tumor-inhibition mechanism
may be more complicated than simple intracellular combination of melanoma
metabolite and administered compound, data supporting this mechanism of
action were obtained from toxicity studies in which normal and melanomabearing animals were challenged by a lethal dose of ^-phenylenediamine. The
tumor-bearers survived significantly longer than the nontumor-bearing
controls, which suggested that the tumor was capable of concentrating and
binding the compound to such an extent that the systemic concentration fell
below the lethal level; this conclusion is open to experimental investigation
with C 14-labeled phenylenediamine.
Extension of this study to other tumors has shown (543) that o-phenylenediamine was capable of effecting a complete regression of a certain percentage
of solid Ehrlich carcinomas. The glycolysis of Ehrlich ascites cells was not
inhibited but the respiration decreased progressively until a 90% inhibition
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was reached after 7 hr. The metabolism of liver cell suspensions was not
inhibited under similar conditions. Carboxymethylcellulose potentiated the
antitumor effect of o-phenylenediamine on the ascites cells.
4. One of the signs of pyridoxine deficiency—either through dietary
deficiency or the administration of the antimetabolite deoxypyridoxine—
appears to be a retardation of normal lymphoid function, as shown by the
involution of the thymus and the suppression of antibody synthesis (625). The
antimetabolite was, therefore, tested and found to be active as an inhibitor of
the growth of lymphosarcomas (626, 628). Inhibition was also obtained with
the riboflavin antagonists, isoriboflavin and galactoflavin (627). Although
riboflavin is, in general, present in a low concentration in tumors, the use of
these antagonists is restricted as a result of systemic toxicity.
5. Clinical and experimental evidence suggests that the metabolism of onecarbon fragments plays a significant role in the formation of leucocytes. One
of the striking features of a nutritional deficiency of folic acid is the marked
fall in leucocyte count. Moreover, the increased capacity to incorporate
formate into cellular nucleic acids, which has been found to be characteristic
of the leukemic white cells, may reflect a greater dependence of the reproduction of the blastic leucocytes on one-carbon fragments. The antifolics have,
therefore, been tried against leukemia-types of neoplasms and, despite their
general toxicity, were found to inhibit leukemia in mice and, at least temporarily, acute leukemia in children (224, 365), and choriocarcinomas. The
toxic symptoms resemble folic acid avitaminosis and affect the gastrointestinal tract and bone marrow (462). Some success has been achieved (250)
in increasing the selectivity of the antileukemic effect of a toxic dose of
aminopterin by the delayed administration (12-24 hr) of citrovorum factor.
During the period between administration of aminopterin and the latter
compound, the former damages the tumor irreversibly but the normal tissues
appear to be protected by a higher level of endogenous folic acid or derivatives
of it. The endogenous protection was apparently maintained only during the
initial period of 24 hr, since administration of citrovorum factor at a later
period did not increase the selectivity of action of aminopterin. The importance
of the one-carbon metabolism for the leucocyte has also led to the finding (472)
that formamide, ethionine, and triethylcholine inhibit mouse leukemia. The
chance discovery made during World War II of the leukopenic action of nitrogen mustard gave rise to the development of the alkylating agents. The
alkylating agents and the antifolics may be active against a variety of tumor
types other than those of the blood-forming organs. The systemic toxicity
exerted by the alkylating agents usually develops during treatment. An anomalous case, however, has been observed by Danielli (156a) while subjecting
sulfanilamide, in which the p-amino group was substituted with two j8-bromoethyl groups, to test. This alkylating agent (sulfanilamide mustard) was strikingly effective in causing Walker tumors to disappear. However, 4-6 weeks
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after treatment, when many of the tumors had completely vanished, the rats
began to die off with symptoms of folic acid deficiency, suggestive of some irreparable alkylation of a folic acid-dependent enzyme. It has recently been
found that the growth of the Walker tumor is critically dependent upon the
availability of folic acid.
6. Uracil is little used for nucleic acid synthesis in the liver because its
degradation is so active in this tissue (99, 516). However, the degradative
TABLE II
METABOLIC FATE OF URACIL AND 5-FLUOROURACIL
Anabolisma

Nucleic acids

Radioactivity (cpm/mg dry weight
tissue) following admin, of 5-FU-2C 1 ,4 after:

UMP

Uracil

Dihydrouracil

Carbamyl-j3-alanine
(or j3-ureidopropionic acid)

CO2 + N H 3 + j8-alanine

CO2 4- acetic acid
a
b

Tissue

lhr

4 hr

24 hr

48 hr

Sarcoma 180
Bone marrow
Intestine
Liver
Ovaries

2950
2530
1600
1180
189

2714
1500
804
560
131

1120
371
321
150
21

322
247
10
52
14

Catabolismb
Tissue

Rat liver
Rat regen. liver
Rat intestine
Mouse liver
Mouse hepatoma

4 2
Uracil-2-C 14 — -> C 1 0
(% conversion)

90
22
0
85
1.2

After Chaudhuri et al. (114).
After Potter (516).

system is weak in hepatoma and in the Flexner-Jobling carcinoma (Table II),
and also as a result of the marked uridine phosphorylase activity, the compound is now readily utilized for nucleic acid synthesis (305, 564). These
facts led to the synthesis of 5-fluorouracil (5-FU) by Heidelberger and
co-workers. The catabolic enzyme is also weak in intestinal tissue but, despite
this fact, differential inhibition of tumor growth was achieved; however,
severe damage to the intestinal mucosa has been observed clinically. Some
measure of selective localization of 5-fluorouracil-2-C14 in Sarcoma 180
growing in the mouse has been obtained (114) (Table II). It is of interest that
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5-fluoroorotic acid (FO) is not localized selectively in the tumor and that this
compound shows a greater systemic toxicity and a smaller effect against
Sarcoma 180 than 5-FU.
It has been suggested (511) that catabolic reactions involving 5-FU or its
derivatives may account in part for the order of toxicity observed in vivo in
man and dogs, namely FUR > FO > FU > deoxyFUR. This order of potency
differs strikingly from the in vitro findings that concern the anabolic reactions
of nucleic acid in the tumor. The degradation of FU to α-fluoroacetate may
account for the major toxic effects of FU in some species—convulsions in dogs
and cardiotoxicity in rabbits. 5-Fluorodihydrouracil and a-fluoro-j8-ureidopropionic acid are as convulsant as FU in cats, and FU causes citrate accumu
lation in rat kidneys, mimicking the unique effect of α-fluoroacetate; see also
(310a, 475) for the catabolic fate of C 1 4-FU.
7. The design of most other antimetabolites of the nucleic acids has been
based upon the knowledge gained from the growth requirements of micro
organisms. For example, 8-azaguanine was synthesized as a result of the
observation that primitive organisms cannot synthesize guanine and that this
compound has to be supplied to them as such.
In the first three examples (1-3) therapy has been molded upon a specific
metabolic function retained in the tumor cells from their normal cells of
origin. Since such a function is more or less unique, it may be expected that a
rather large margin of safety in regard to the remainder of the host tissues
exists. This is true to a varying extent. Administration of too much I 1 31 leads
to bone damage and the host cells apparently also possess susceptible receptors
for the phenylenediamines. It will be evident that the procedure in which a
specific function, typical of an organ, is selected as the basis for chemotherapy
is, in the strict sense, of very limited importance because such a function is not
essential for the survival of the tumor cell and may easily be lost in the further
life history of the tumor. "Progression" of the tumor will thus lead to resist
ance. It should also be noted that amelanotic melanomas are known which are
equally as malignant as the pigmented variety. By contrast, in certain cases an
organ-specific function of a cell may be used for converting a latent into an
active drug (compare section V.4.2); it will, however, be clear that in such
cases the drug action should also depend on at least one other parameter that
is different in the tumor and in the normal tissue.
Interference with the basic metabolic processes (such as energy production,
protein or nucleic acid synthesis), inherent to every cell, allows a much smaller
range of selectivity. Even in laboratory experiments with transplanted tumors,
a systemic toxicity is frequently noted. Moreover, many compounds which
show marked inhibitory activity on transplanted mouse and rat tumors are
without beneficial effect in man, although in the latter some measure of result
may be obtained at toxic doses. A recent experimental study has shown that
spontaneous mammary carcinomas of mice were more resistant to certain
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chemotherapeutic agents than first- or second-generation transplants of such
tumors (584). DON, and some other drugs, were highly active carcinostatically
in the recent transplants, while they were, at their best, only slightly active
in the spontaneous tumors. This slight activity was obtained with doses which
were toxic as evidenced either by a decrease in survival time or by loss of
weight of the treated animals. Spontaneous lymphocytic leukemia of the
mouse is also largely refractory to drugs (e.g., amethopterin) which are active
against transplants (375); spontaneous mammary tumors of the mouse are not
inhibited by FU (139a), but sometimes by thioguanine (413a).
The successes which have been scored in experimental chemotherapy,
especially against some very anaplastic rat tumors should, for the most part,*
be attributed to the particular nature of these tumors. The cell population of
such tumors has been selected during numerous transplantations. In many
cases, only those cells have remained which, by genetic and physiological
adaptation, have managed to abandon most or all metabolic functions not
essential for survival. Among the latter are a number which otherwise might
confer a natural resistance to a given therapeutic agent. The metabolic
patterns of such tumors, as measured by the concentrations of enzymes and
coenzymes, may be expected to be different from those of primary tumors and,
accordingly, to be more susceptible to selective chemotherapeutic attack.
Attention must also be called to the recent studies by Eagle (231) on normal
and neoplastic tissues of human and animal origin cultured in vitro, which
have shown that a great number of the present anticancer drugs damage
normal and cancerous tissue to the same extent—both in first culture passage,
where a metabolic de-differentiation is extremely unlikely, and after prolonged cultivation during many generations. Other investigations with a
malignant and nonmalignant strain derived from the Adenocarcinoma 755 by
culturing in vitro showed the same lack of selective effect (246). Selective
transport of the drug is largely eliminated in tissue culture as compared with
the in vivo situation, and cultured cells are in a state of continuous proliferation
in contrast to the "resting" condition of most normal cells in the intact
animal. The above findings, therefore, probably indicate that the present anticancer agents interfere with the metabolism of proliferating cells in general.
From the point of view of systemic toxicity, any selective effect on the tumor
in vivo must, therefore, be attributed to differences in degree and not in kind,
imposed by the host. All this sounds rather pessimistic but it should be
pointed out that at least one anticancer agent is now known (AzUMP) that is
not toxic to the human [see section III.1.1.D(2)]. However, the serious drawback remains that AzUMP-resistant tumor cell variants develop with time.
It has recently been found that some nucleosides are incorporated in vivo to
a greater extent by normal tissues than by a transplanted tumor (36). On
account of this finding, it was suggested that the systemic toxicity produced
* Compare with section II.
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by nucleic acid antimetabolites might be counteracted by administration of
the corresponding normal nucleosides. Although preliminary experiments
along these lines have been unsuccessful, the underlying principle deserves
further experimental testing. Another procedure developed in recent years to
counteract host toxicity, involves the local perfusion of a drug. Leakage of the
system by insufficient fencing which would lead to systemic toxicity, can be
counteracted by introducing a reversing agent (metabolite) into the circu
lation (505).
The search for more suitable metabolic criteria for a selective cancer chemo
therapy, and especially so for primary tumors, is thus most urgently needed.
The problem of controlling the growth of resistant tumor cells is closely
connected with it. In the remaining part of this chapter, we shall discuss
which avenues of research are presently followed in order to improve the
selective toxicity and to overcome drug resistance. The alkylating agents will
be discussed at some length since the attempts to improve their selectivity
illustrate a number of possibly useful principles. Note that the work to be
described has been mainly carried out with transplanted tumors. The trans
planted tumors, for the reasons outlined above, should be largely considered
as model systems in which some rationale may be elaborated. Unfortunately,
the study of spontaneous animal tumors is possible only in laboratories which
possess large colonies of highly inbred mice of certain genetic constitutions.
The study of the metabolic characteristics of such tumors is hampered by the
presence of normal cells. For these reasons, the use of certain strain-specific
transplanted mouse and rat tumors of a highly differentiated nature which are
now available may be recommended.

V. BIOLOGICAL ALKYLATING AGENTS; ATTEMPTS AT
IMPROVEMENT O F SELECTIVE TOXICITY
To the class of alkylating agents (Fig. 11) belong the mustards, epoxides,
ethylenimines, and sulfonic acid esters. Following the discovery of the leuko
penia induced by the aliphatic nitrogen mustards, numerous compounds of the
mustard series were prepared and tested for biological activity. Many com
pounds appeared to be endowed with carcinostatic, carcinogenic, and muta
genic properties (21, 66a, 276, 277, 509, 662). Early in these investigations it
was supposed that the mustard gas derivatives of the aliphatic and aromatic
series had to carry at least two chemically active groups (/?-chloroethyl moiety)
in order to be biologically active. Although this hypothesis has become
invalidated as the only possible explanation for the biological effects of the
alkylating agents, it led to the discovery of the carcinostatic and carcinogenic
properties of the epoxides and ethyleneimines then in use as cross-linking
agents in the textile industry. The ethylenimines were also studied on account
of the reaction mechanism by which aliphatic nitrogen mustard appeared to
act (discussed below).
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In the search for new types of active compounds, the chlorine of the aromatic
mustards was replaced by a sulfonoxy residue. A simplification of this structure
resulted in finding the methanesulfonic (mesyl) esters of glycols biologically
active agents. Much of this work has been carried out at the Chester Beatty
Research Institute by Haddow, Ross, Timmis, Bergel,and co-workers (e.g., 44).
Given the chemical or biochemical reactivity of a specific alkylating agent,
or its metabolite, carcinostatic action may appear to be due to (random) interR
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FIG. 11. Types of alkylating agents.

action with various receptors, and carcinogenic action to a nonrandom inter
action with a specific (part of a) receptor (386), not excluding the possibility
that interactions of the former type may help to create the conditions in which
the second type of interaction comes to expression (initiation and promotion).
The alkylating agents appear to affect dividing cells rather than resting
cells; not only tumors but several normal tissues like the hemapoietic system,
intestinal mucosa, generative organs and skin, are also damaged. The systemic
toxicity exerted by many of the alkylating agents restricts the dosage level
and prevents selective treatment. Much effort is, therefore, directed to the
reduction of the systemic toxicity produced by the alkylating agents. Selective
toxicity may be reached by indirect means, that is, by the introduction of a
prophylactic therapy aimed at the protection of the susceptible normal tissues.
Since the effects of the alkylating agents are strongly reminiscent of the general
action of X-rays, chemical compounds which protect against the lethal effects
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of radiation have been applied. 5,6-Aminoethylisothiuronium bromide, for
example, has been found to give systemic protection against nitrogen mustard
in that it decreased the damage to bone marrow and small intestines and
allowed local introduction of large doses of nitrogen mustard which increased
the therapeutic efficacy in regard to the transplanted tumor (23, 368). Shorttime ligation of the spleen has been found to counteract the systemic toxicity
produced by certain alkylating agents. Splenectomy protects also to a large
extent against the lethal effect of nitrogen mustard; since administration of
spleen homogenate, after incubation with HN2, is very toxic, it was concluded
that the toxicity of HN2 in vivo was, at least in part, due to the formation of
some toxic material from the drug within the spleen (678). In this connection,
it is of interest that a capillary-permeability factor, leucotoxin—a low mole
cular weight polypeptide—is formed in skin treated with sulfur mustard gas
(134). A substitution therapy by bone marrow transplantation has also been
found profitable in the treatment with alkylating agents (637).
In the following discussion, attention will be given mainly to the attempts
which have been made to reach a more selective antitumor action by direct
means, i.e., by varying the molecular structure of the alkylating agents. For
a proper understanding, the chemical reactivity of the alkylating agents
should be considered briefly (521, 555, 557a, 559, 667a).
V.1. Chemical Reactivity
R', R"—Ν—CH 2CH 2C1; R' = (a) alkyl or (b) aryl, and R ' =

(a)
(b)
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Unlike ordinary alkyl halides, the mustards are very reactive in polar
solvents since the hetero atom (N and S in the case of nitrogen and sulfur
mustards) located in a position β to the halogen atom repels electrons and,
thus, facilitates the removal of the halogen atom. The need of sharing an
electron pair is satisfied, in the case of the aliphatic nitrogen-mustards, by
cyclization to the ethylenimmonium structure which is capable of further
reaction with water (hydrolysis) or some other nucleophilic (electron-rich)
reagent, i.e., the anion A - . The aromatic N-mustards and S-mustard possess a
basically weaker nitrogen and do not form ethylenimmonium or sulfonium
ions. The removal of the halogen atom in these cases leaves positively charged
(electrophilic) carbonium ions which react with A~. See reactions 44a and b.
The mechanism by which the aromatic N-mustards and S-mustard react is
the so-called first-order (unimolecular) nucleophilic substitution—the S N1
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mechanism. Rate-controlling is the ionization of the carbon-halogen bonds,
fast in the case of S-mustard but slower in that of aromatic N-mustards
(reaction 44b). The second step is rapid and rather indiscriminate. The rate of
the overall reaction is thus, largely independent of the nature and concentration
of the reacting groups (A~). The 1,2-epoxides, ethylenimines, and methane sul
fonates, on the other hand, react by the slower second-order (bimolecular)
nucleophilic substitution—the S N2 mechanism—in which the bond-breaking
and bond-making processes occur simultaneously. The very weak nucleophilic
group (X = 0,N, or methylsulfonyl) is displaced by a more powerful group
(A~) in a transition complex, as shown in reactions 45a—d.
R X + A-

>

Αδ-...R+...XS-

—CH—CH2

^ >
H+

H+
— C H 2— O — S 0 2M e

>

RA + X~

— C H — C H 2A

(45a)
(45b)

i H

- N H — C H 2C H 2A

A
>
— C H 2A + M e S 0 8H

(45c)

(45d)

Since reaction by the S N2 mechanism only occurs at the approach of the
reacting group A - , the rate of the bimolecular reaction is entirely dependent
on the concentration and the nucleophilicity of A~. In biological systems the
concentration of such groups or receptors may vary from site to site and a
limiting amount of agent diffusing through such regions will affect in particular
those cells which contain a high concentration of receptors, e.g. nucleic acids
in proliferating cells. Substitution of epoxides and methane sulfonates at the
terminal C atoms may change the reaction from an S N2 to an S N1 mechanism.
The simple nitrogen-mustard, HN2, shows a dual character, since cyclization occurs by a S N1 mechanism and reaction with A - by an S N2 mechanism
(reaction 44a, in which the brackets indicate that no free intermediary
carbonium ions—see reaction 45a—arise).
V.2. Chemical Reactivity and Carcinostatic
V.2.1. N I T R O G E N M U S T A R D S

Effect

Ross and colleagues (555, 557a, 559) have found that the tendency of
alkylating agents, especially the aromatic nitrogen-mustards, to become
reactive (to form carbonium ions) can be expressed by the rate of hydrolysis
in aqueous acetone. The reactivity of the functional groups appears to deter
mine the biological activity of these compounds (Table III). Since the reac
tivity is a function of the basicity of the central Ν (its electron-releasing
capacity), substitution at this atom may profoundly influence both chemical
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TABLE

III

CHEMICAL REACTIVITY AND BIOLOGICAL ACTIVITY OF AROMATIC
NITROGEN MUSTARDS0
Compound
R is —N(CH 2CH 2C1) 2

Chemical
reactivity*

Biological
activity0

After Ross {559).
Per cent hydrolysis in 30 min in 5 0 % acetone at 66°C.
c Inhibition of the Walker-256 tumor.

β

b
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and biological activity. Activation can be brought about by introduction of
electron-repelling (e.g., methyl, methoxy) groups and deactivation by
electron-attracting (e.g., chloro, carbethoxy, aldehydo, or nitro) groups.
Apparently a certain minimum chemical reactivity is required to produce the
desired biological effect since no effect ensues when the reactivity is too low.
On the other hand, a certain optimal reactivity is needed for therapeutic
selectivity since a product is too toxic when its chemical reactivity is too high.
Of the aromatic compounds, iVjiV-di-jS-chloroethyl-jS-naphthylamine (CB
1048) is in clinical use.
V.2.2.

DIEPOXIDES

In the case of the diepoxides, a similar correlation of chemical reactivity
with antitumor action exists. Their alkylating capacity can be best assessed
TABLE

IV

CHEMICAL REACTIVITY AND BIOLOGICAL ACTIVITY OF DIEPOXIDES"

Compound

CH ο—CH—CH—CH „
CH2— C H — C H 2— Ο — C H 2—CH—CH2

^

Chemical
reactivity
100 fc' (thio) m i n -1

Biological
activity

85

+

69

+

40

+

V

CH 2—CH—CH2— C H 2— C H — C H

2

Ijle
CH 2—C—CH 2—CH a—C—Η2C

23

CH 2—C—C—HoC

21

Me—CH—CH—CH—CH—Me

α

2.3

After Ross (559).

by measurement of the rate at which the diepoxides react with the highly
reactive anion, thiosulfate (Table IV). The growth-inhibitory effect and
chemical reactivity decrease in proportion to increased length of the chain
separating the two alkylating groups; decreased solubility may also be
involved.

III.

V.2.3.
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ETHYLENIMINES

The ethylenimines have not been studied systematically in regard to the
correlation between reactivity and carcinostatic effect. In contrast to the
reduction in the reactivity of the mustards following substitution with
electron-attracting groups, the latter will increase the reactivity of the ethylenimido group. This is due to the fact that electron attracting substituents
draw away electrons from the nitrogen atom and, thus, weaken the bonds in
the strained three-membered ring leading to the effective formation of a
reactive carbonium ion. Acid pH causes protonation of the ring nitrogen of
ethylenimines and, thus, increases the alkylating power (reaction 46). Because
CH2
- < J
CH ο

H+

>

/CH2
—N<|
Η
CH ο

[ - N - C H 2C H 2+ ]

(46)

of the nature of the carrier of the ethylenimido group in tetramin (XXII), the
latter compound is present in the protonated form at physiological pH. The
biochemical lesions produced by TEM and various other ethylenimines are more
pronounced at pH 6.0 than at pH 7.0 (see section III.2.2.A). This may serve
to obtain a more selective effect in experimental tumors which, especially after
administration of glucose, may be more acid than most normal tissues (com
pare also sections III.2.3.C. and III.3.1.). It should, however, be indicated here
that in the case of HN2, protonation (at low pH) will decrease the cyclization
reaction since the protonated form of HN2 cannot form the ethylenimmonium
ion which should be considered as the reactive form of the drug present at
physiological pH. The lower toxicity of highly acid solutions of HN2 has been
demonstrated (reaction 47a).
CH CH CI
H 3C—N(CH 2CH 2C1) 2

^

H 3C — N \ C

22
H

>

2

reaction

(47a)

H+

H 3C—N+(CH 2CH 2C1) 2
Η

By contrast, nor-HN2 will be in the uncharged form at neutral pH since
after cyclization the ion formed is not enough basic to retain the proton. In this
case, as in that of the ethylenimines mentioned above, a pH < 7 will increase
reactivity (reaction 47b).
H—N(CH 2CH 2C1) 2

>

+ ^CH2CHoCl
H — : N K CH

~

"

/ C H 2C H 2C 1
Ν\0 Η
+ H+
ο

(47b)

CH,

reaction

V.2.4. α, ω - ( D I M E T H A N Ε STJLFON ox Y ) A L KA N E

SERIES

In the a,cu-(dimethanesulfonoxy)alkane series, the rate of hydrolysis of the
diesters increases rapidly with chain length to reach a constant value at C 4
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(275) (Fig. 12). This increase in chemical reactivity closely follows the increase
in biological activity as measured by the growth-inhibitory action on the
Walker-256 tumor and the depression of blood neutrophiles (196, 197). The
further decrease in biological activity along the homologous series for chain
lengths greater than four carbon atoms is, therefore, not due to changes in
chemical reactivity per se but may be attributed either to the measure of stable
ring formation after reaction at a single atom (dialkylation of thiol group with
cyclic sulfonium formation, see section III. 1.4.A.) or to transport phenomena.
S w/ S e

Solvolysis
( l 0 7k s e c - > )

FIG. 12. Effect of chain length (n) in the a,w-(dimethanesulfonoxy)alkane series on
biological activity in the rat, on the water-ether solubility ratio, and on solvolysis.
Biological activity: heavy lines; S w/ S e: broken line; solvolysis: light line. After Hudson
et al. (339).

As shown in Fig. 12, the water-oil partition coefficient afforded a semiquantitative measure of the biological activities of this series (339).
Toxicity, and other biological effects, e.g., narcotic action, are frequently
found to increase with oil-water partition coefficients. This is usually explained
by assuming that sorption at specific sites is closely related to the oil-water
distribution (226, 659). The reverse trend found in the sulfonic diester series
can be taken to show that the efficiency of the transfer through aqueous media
to these sites has a greater influence on the biological activity than sorption
on these sites in a less polar environment. It is noted, however, that the
distribution coefficient of one of its most active compounds (n = 5) is of the
order of unity so that this ester may pass equally readily through aqueous and
organic media.
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Myleran [w = 4; 1,4-(dimethanesulfonoxy)butane], the most active com
pound of the series in the above respects,* has been found useful in cases of
chronic myeloid leukemia. It also shows the greatest selectivity of action in
that it has relatively much less effect on blood lymphocytes. The reasons for
this selectivity of action of the compounds of the Myleran series on myeloid
elements, as compared with those of the mustard series which predominantly
affect the lymphoid elements, are not known. The difference cannot be
explained entirely by the classification of their reactions as S N1 or S N2 types;
butadienediepoxide reacts by the S N2 mechanism but shows a similar effect on
the blood elements as the mustards (196).
The peak of the biological activity of the α,ω-(dimethanesulfonoxy)alkane
series appears to be mainly associated with the length of the chain of the
methylene groups separating the two terminal mesyl groups. In a series of
branched alkanes of the form shown in ( X X I X ) , the highest neutrophiledepressing action was again found in the member with the four-carbon chain
C H 3S 0 20 — C H — ( C H 2) W— C H — O S 0 2C H 8
I
I
CH3
CH3

(XXIX)

separating the two mesyl groups, i.e., 2,5-(dimethanesulfonoxyJhexane
(n = 2; "dimethyl Myleran"). On a dose basis, all members of the series were
about 2-3 times as active in this respect as the corresponding members of the
unbranched series (196,197). As compared to Myleran, the more rapidly acting
dimethyl Myleran secures prompt hematological control in a much shorter
period of time in cases of chronic granulocyte leukemia (51). The methyl
groups at the terminal C-atoms were introduced to modify the alkylating
properties of Myleran and its cogeners in the expectation that the mechanism
of alkylation would thereby change from a largely S N2 to a S N1 type (639).
This proved to be the case; the introduction of α-methyl groups resulted in
considerably enhanced rates of hydrolysis. The differences observed in the
biological activity of the two series of compounds (the branched members
have, in contrast to the unbranched, very little effect on the growth of the
Walker-256 tumor) may be due to the type of reaction mechanism and trans
port phenomena. It is of interest that another Myleran analog,
C H 3S 0 2O C H 2C F = C C H 2O S 0 2C H 3,

was inactive as a neutrophile-depressant but affected the growth of the
Walker tumor. These examples demonstrate that relatively simple alteration
in the molecular structure may profoundly change the specificity of action of
cytotoxic drugs relative to their targets.
* l,9-(Dimethanesulfonoxy)nonane has been reported (623) to be superior to Myleran
against certain tumors. This would discount the cycloalkylation hypothesis mentioned
above; other arguments against this hypothesis have recently been presented (559).
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as a Function of Parameters

Other

than

The mustards, epoxides, ethylenimines, and sulfonic esters have as a
common feature the ability to function as alkylating agents under mild
conditions in aqueous solution, that is, under physiological conditions. In view
of the variety of structures involved, it seems extremely unlikely that these
compounds are producing their characteristic effects by any process of physical
adsorption or competitive inhibition.* This point is emphasized by the above
correlation between chemical reactivity and biological effectiveness. However,
the efficiency of the antitumor action is governed by more variables than the
intrinsic activity of a given drug per se. Factors influencing the physical
transport of the drug, such as solubility or oil-water partition, may profoundly
influence inter- and intracellular distribution. Enzymes may be present in the
target organ (i.e., tumor) or in the host that may alter the drug chemically.
Possible examples of the operation of such parameters will be discussed
below.
Haddow and co-workers (43, 556) observed that the hydrolytic rates, and
thus the reactivity of a series of aromatic mustards, carrying in the para posi
tion, acid chains of varying lengths, were nearly all of the same order and could
not be correlated quantitatively with the biological activity (Table V). How
ever, the biological activity was strongly influenced by the number of atoms,
whether C only or Ο and C, between the ring and the acidic COOH, reaching a
maximum with the two compounds having three atoms (structures V and
VI in Table V). As all these substances possessed the same functional residue
(R) and were water-soluble as sodium salts, it was suggested that the differ
ences in carcinostatic effect might be connected with transport or primary
attachment to the cells. However, enzymatic transformation of the com
pounds may also have contributed to the observed differences in biological
effect. If the side-chains were to be broken down in the host or in the tumor
by the process of β-oxidation*)" (compare the classical experiments of Knoop
with ω-phenyl fatty acids in the intact dog), compounds III and VII of Table V
would give rise in vivo to I and compound V to II. A similar, though perhaps
somewhat less likely change might have taken place in the oxygen-containing
side-chains (VIII-> IV; I X - > V I ) . As can be seen from Table V, the carcino
static activities of the metabolically equivalent compounds are rather similar.
Compound V, chlorambucil [Leukeran or p-(di-j8-chloroethylamino)phenylbutyric acid], is used in the treatment of malignant lymphoma and related
pathological conditions.
* Compare, however, p. 108.
t Tumors possess the enzymatic machinery necessary for oxidizing fatty acids; it has
been shown that fatty acids are used preferentially as endogenous substrate in tumor
respiration.
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TABLE

V

CHEMICAL REACTIVITY AND BIOLOGICAL ACTIVITY OF
AROMATIC NITROGEN-MUSTARD ACIDS"

Compound
R

=

Presumed
equivalence
after

N(CH 2CH 2C1) 2
Chemical
reactivity*

1

R—COOH

15

II
III

R—CH 2COOH

39
41

IV
V
VI
VII
VIII
IX

R—CH 2CH 2CO OH
R — 0 — C H 2C O O H
R—CH 2— C H 2— C H —COOH
2
R — O — C H 2—CH 2—COOH

48
42
52

R—CH 2—CH 2—CH 2— C H —COOH
2

39
50
44

R—O—CH 2— C H 2— C H 2—COOH
R — 0 — C H 2— C H 2— C H 2— C H 2— C O O H

Biological
activity6

metabolic
conversion^

±

X

++
+
+
+++
+++
+
+
+ +

χ x
X
ΐ
XX
+
+

X
t

+
+

Largely from Haddow, Ross, Davis, Everett, and Roberts (see 43 and 556).
Per cent hydrolysis in 30 min in 1:1 acetone-water at 66° C.
c Inhibition of the Walker-256 tumor.
d See text.
a

h

V.4. Design of Alkylating Agents More Selective in Action
V.4.1.

MOLECULAR

STRUCTURE

OF T H E DRUG

IN

RELATION

TO

CELLULAR

SPECIFICITY (TRANSPORT A N D U P T A K E )

It may be concluded from the previous discussion that the nature of the
"carrier" of the alkylating groups is of the greatest importance in relation to
the transport and chemical reactivity. If the functional groups are present in
a carrier which is, by itself, a more or less specific pharmacon, then it may be
expected that the factors which determine this effect may also confer some
selectivity or enhanced toxicity to the cancer drug, provided that the two
targets bear some (metabolic) relationship.
The diethylamino group of quinoline antimalarials has been replaced by the
di-j8-chloroethylamino moiety in an attempt to utilize the cellular specificity*
of the antimalarials for obtaining a more selective chemotherapeutic agent
against the leukemias. Related compounds have also been prepared. Survival
times of sevenfold the mean survival time of mice bearing ascites tumors were
obtained by injection of chloroquinine or quinacrine mustards (145). Mice that
survived for this period of time showed no signs of ascites tumor at autopsy.
* The intracellular

localization

of chloroquinine

interaction of the drug in cationic form with DNA).

and quinacrine is in the nucleus
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OH
CH 2N(CH 2CH 2C1) 2

(XXX)
Camoquine mustard

V_OCH3

(XXXI)
Chloro quine mustard

(XXXII)
Quinacrine mustard

R = — N H — C H — ( C H 2)3—N(CH 2CH2C1)

From the results of studies with the antimalarials proper, it may be expected
that strikingly different pharmacological properties may be conferred on
nitrogen mustard derivatives of the latter type by structural modification in
the molecules. This has indeed been realized lately by variation of the number
of C-atoms between the nitrogens of the side-chain of chloroquine and quin
acrine mustard; the compounds with two C-atoms showed increased antitumor
activity and decreased host toxicity (372).
In 2-(di-/3-chloroethylaminomethyl)benzimidazole, the heterocyclic carrier
is a purine antagonist with antibacterial, antiviral, and central-nervousdepressive properties. This compound was designed in view of the active
nucleic acid synthesis in neoplastic tissues and the consideration that the
metabolism of the brain is in some respects similar to that of the former tissues.
The benzimidazole mustard appeared to have a wider spectrum of anticancer
activity and a somewhat decreased general toxicity as compared with other
mustards (320, 321). Clinical results were, however, disappointing.
Ο

Ο
(XXXIII)
2-(Di - j3-chloroethylaminomethyl)
benzimidazole

XXXIV
R = Η
R = O C H 2C H 2C H 3 (E-39)
R = O C H 2C H 2O C H 3 (A-139)
2,5 - Di (ethylenimino) -1,4 benzoquinones
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From the cytostatically very active 2,5-di(ethylamino)-l,4-benzoquinone
(R = Η; the quinone structure has antimitotic activity, is a SH-reagent and
an electron acceptor) which, however, shows undesirable side-effects, the
3,6-dipropoxy derivative has been derived (173,174). The latter compound
(E 39) is approximately 10 times as active as TEM against experimental
tumors and has been reported to show clinical effect in cases of inoperable
carcinomas, sarcomas, and especially metastases. Its low solubility, which
hampers intravenous administration, has been improved by substitution of
3,5-dimethoxyethoxy side-chains, yielding a product (A-139) of similar, if not
better, cytostatic activity. Recently tetra(ethylenimino)-l,4-benzoquinone
has been found to be about 10 times more active than E-39 (331).
A suitable combination of two different drugs into a single molecule gives
rise to what may be called a "dual antagonist," which in its effect upon a
tumor may resemble that of two synergistic drugs administered simultane
ously (see section VI.4.). It has been pointed out that the dual antagonist not
only synchronizes the action of its components by overcoming possible
differences in absorption, distribution or elimination that might otherwise
weaken any potentiation of effect of a combination of the separate com
ponents, but that the more selectively localizing component may also prevail
in directing the distribution of the molecule as a whole (28). As a result, the
less selective, but often more potent, component may reach a concentration at
the desired point of attack that could not be attained by the free (uncoupled)
inhibitor below its toxic dosage.

Ε

C

CH3

°

2^/Ν
Ί

/ P — N H C 0 2R

H 2C ^

(XXXV)

Di(ethylenimido)phosphorourethanes
R = —C H ; —CH ; —CH C H
2

5

3

2

Ο
P — N H C 0 2C 2H 5

H 3C

e

.

(XXXVa)
Ethyl iV-[di(2,2-dimethylethylenimido )phosphoro]carbamate

5

Compounds which unite the di(ethylenimido)phosphoro moiety through an
amide linkage to methyl-, ethyl-, or benzyl carbamate have been synthesized
(28); the carcinostatic effect of urethane is known to be synergistic with the
similar effect of the alkylating agents. The three compounds were tested
against 11 mouse and rat tumors and found to be superior or equal to nitrogen
mustard in their antitumor effect; in most cases, the benzyl derivative
demonstrated the highest activity, followed by the ethyl and methyl deriva
tive, respectively. Whether the synergistic components were actually released
from the combination by enzymatic action in the tumor, is not known (see
below). The growth of spontaneous mammary carcinomas of the mouse was
inhibited by these agents and the effects upon the Walker-256 tumor and the
Dunning rat leukemia were particularly favorable.
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The differences in the human-tumor spectra of the two iV-[di(ethylenimido)phosphoro]carbamates ( X X X V , R being ethyl or benzyl), which have identi
cal alkylating groups but different carbamate portions, suggest that the latter
may contribute to the biological effect as either a carrier or "localizer" or
both (27a). The synergistic effect of the carbamate portion (only weakly active
by itself) of these agents might be increased by decreasing the chemical
reactivity of the ethylenimido portion, which would lead to higher dosage
levels, the latter being restricted, as a result of the general toxicity of com
pounds ( X X X V ) . Alkyl and phenyl groups were introduced at the carbon
atoms of the ethylenimine ring on the assumption that ring stability was to be
increased by steric hindrance. Substitution of the ring carbon with methyl
groups leading to ethyl i\^-[di(2,2-dimethylethylenimido)phosphoro]carbamate (XXXVa) resulted in strikingly different pharmacological properties.
The latter compound was less toxic, and at toxic doses affected the central
nervous system instead of the bone marrow as was the case with the parent
compound ( X X X V , R is ethyl). Cholinesterases were inhibited and olfactory
perversion was one of the indications of the pharmacological effect of urethane
shown by compound (XXXVa). Differences in the reactivity of the latter and
the parent compound were obvious from their hydrolysis, X X X V a lost its
urethane group, the Ρ—Ν bond appeared to be broken, and the tertiary amino
alcohols following opening of the ethylenimino ring reattached to the phos
phorus. This unusual rearrangement can be explained on the basis of a carbonium ion (S N1) mechanism [ = P — N H — C H 2— C +— ( C H 3) 2] . In contrast, the
hydrolysis of X X X V appeared to proceed via the relatively stable ethylen
immonium ion (reaction 46; S N2 mechanism) yielding only amino alcohols by
ring opening. Differences in the chemical mechanism of alkylation, which will
become manifest in the relative rates of reaction with various intracellular
receptors, may thus impose biological specificity (27a).
It has been proposed by several authors (300, 301, 656) that the tumorinhibitory alkylating agents might be more effective if the functional groups
were present in a natural carrier such as an amino acid, sugar, or a nucleic acid
base. Transport might then be favored, and the action of such compounds
might gain in selectivity provided that the tumor cells were to be more perme
able to the chosen "conductor" than the host cells. Several experimental
findings suggest that the ready uptake of metabolites by cancer cells may
contribute to the maintenance of their vigorous growth even under adverse
environmental conditions. Ascites tumor cells are outstanding in their ability
to concentrate amino acids (311) and certain carbohydrates (139); the ready
uptake of glucose may help to explain the high rate of glycolysis of these cells
(57). The uptake of these metabolites is an active process mediated by energy.
No direct evidence is, however, available to suggest that the active transport
devices of the cell membrane may handle equally well metabolites (e.g., amino
acids) which bear reactive substituents of the type under discussion. The
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increased and more selective activity of some of the following compounds,
nevertheless, furnishes some indirect support for the correctness of the
assumption which led to the synthesis of these derivatives. However, direct
proof—such as that available for azaserine and DON which are actively con
centrated by ascites tumor cells, even to a higher degree than natural amino
acids (350)—remains to be established. Although no correlation between the
rate of transference of certain serine and threonine derivatives of nitrogen
mustard across the mucosa of everted sacs of rat small intestine in vitro and the
biological effect of the compounds (the threonine in contrast to the serine
derivative being inactive against the Walker tumor in vivo) has been found
(219a), this study did indicate that the mustard groups may be introduced into
cells via an amino acid carrier.
The nitrogen-mustard derivative of phenylalanine has been prepared by
Bergel and co-workers (41, 42, 43, 622) in England, and, independently, by
Khokhlov and co-workers (393, 394, 395, 503, 504) in Russia. This compound
is in clinical use today; it has been reported to be active against sarcomas,
hence its pharmacological name sarcolysine. Dimesylmannitol and the
nitrogen-mustard derivative of mannitol have been prepared by Haddow et al.
(278) and by Kellner et al (483), respectively ( X X X V I I , X X X V I I I ) .
JH2— C H ( N H 2)—COOH

(C1CH 2CH 2) 2N-

(XXXVI)
p-(Di-β-chloroethyl-amino)phenylalanine

f 7 ? ?
H

—j

j

j

OH OH Η

j

(sarcolysine)

H

C H 2O S 0 2C H 3

Η

(XXXVII)
1,6-Dimethanesulfonyl-D-mannitol (dimesylmannitol)
Η
Η
OH OH
C1CH2CH2— N — C H 2— !
1
!
!
CH2— N — C H 2CH2C1
Η
I
I
I
I
Η
Ά
OH OH Η
Η
(XXXVIII)
1,6 -Di( β-chloroethylamino) -1,6 -dideoxy-D -mannitol
(BCM, Degranol; mannomustine)

All three compounds showed marked activity against rat tumors with a gain
in selectivity, thus securing a wider therapeutic index than that shown by the
earlier compounds. Recent work has shown that the m-isomer and particularly
the o-isomer of the phenylalanine mustard are even more active against some
tumors than the p-isomer. It is interesting that the L-form of the phenyl
alanine mustard was much more active than the D-form against three tumors.
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The L-isomer is 3 times more active than the D-isomer in producing chromosome injuries in Walker tumor (379). This may indicate that stereospecific
processes, perhaps including those mediating active transport across membranes, are involved in the action of the drug. However, this differential effect
of the two stereoisomers does not appear to hold for all tumors; it has been
suggested that host and/or tumor D-amino acid oxidase might destroy the
D-isomer. It has been shown that the L - but not the D-isomer of azaserine is the
active component, whereas the L-isomer of DON was more active than the
D-isomer (24). Up to now, these (including a few other cases, two of which are
cited below) are the only examples to show specificity of antitumor action on
the basis of steric configuration. The importance of the carrier for the antitumor
effect is clearly illustrated by the finding (429) that the phenylaminobutyric
acid mustard derivative, aminochlorambucil [p-(di-jS-chloroethylamino)phenyl-a-aminobutyric acid], caused a marked inhibition of Cloudmanmelanoma, whereas the phenylbutyric acid analog, chlorambucil, was devoid
of any activity against the latter tumor.* Since the D-form of aminochlorambucil was more active than the L-form, it may appear that the presence of
an amino acid side-chain (not necessarily a natural one) is more important
than the steric configuration in determining the end-effect in certain tumor
systems. The complexity of the factors involved in assessing the relation
between structure and growth inhibition is further illustrated by the finding
(649) that ^-sarcolysine, containing p-aminophenyl-j8-alanine as carrier of the
j8-chloroethyl group, showed less activity against Sarcoma 45, but the same
activity as sarcolysine against Crocker sarcoma. It is obvious that a study of
these differences on the biochemical level would yield interesting results on
the parameters involved in the action of alkylating agents.
Sarcolysine peptides have been prepared by Russian investigators (393, 394,
395, 396). A number of these latter compounds produce a regression of certain
transplanted tumors of mice and rats when administered at a relatively high
dose without causing a depressive action on hemopoiesis. Some gain in
selectivity of antitumor action, reduction in toxicity and, thus, an improved
chemotherapeutic index, of the sarcolysine peptides as compared with
sarcolysine itself have been observed. The nature of the amino acid bound to
sarcolysine played also a definite role in the antitumor effect. The phenylalanine and valine peptides, for example, differed in their spectrum of action
* The latter derivative is active against Walker rat tumour (Table V). It should be
noted that the inhibitory effect of a drug may differ widely from one tumor to another.
A comparison of the activity spectra of 20 alkylating agents on 21 tumor systems
indicated by correlation statistics (699) that the biological activity of HN2 and sarcolysine
were rather similar but different from either chlorambucil or endoxan, the latter having
a unique biological activity, not shown by the other alkylating agents. The effects of
thioTEPA and OPSPA corresponded closely. The highest level of correlations was
obtained between an azomustard and TEM, indicating that two drugs having different
chemical structure can have similar biological activity.
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on transplanted tumors: sarcolysylvaline had a powerful effect on Sarcoma 45
and less so on Sarcoma 298, whereas the opposite effects were observed with
sarcolysylphenylalanine. In this connection it may be of interest that certain
(unnatural) peptides are taken up by some bacteria to a greater extent than
the constituent amino acids. Peptides containing valine, methionine, and
phenylalanine have also been prepared from the p-(di-j8-chloroethylamino)phenylcarboxylic acids. These compounds likewise exhibited strong antitumor
activity as well as certain differences in spectrum of action from sarcolysine
and its peptides. The hope has been expressed (45, 393, 394, 395) that such
studies may lead to the creation of clinically useful drugs with a selective
action on diverse types of tumors.
1,6-Dimethanesulfonyl-D-mannitol completely inhibits the growth of
Walker tumor at a dose shown to have no toxic effect on bone marrow or
circulating blood. Stereospecificity has also been observed in this case, since
the L-mannitol derivative was inactive. The mannitol mustard appeared to be
a very potent inhibitor of several experimental tumors of the rat and to
prevent experimental metastases, but to be less active against several solid
mouse tumors. The presence of hydroxy1 groups and their configuration seems
to be essential for activity since the hydroxyl-free ones (hexane mustard), the
D-dulcitol, sorbitol, -iditol, and L-mannitol derivatives either completely lack
any cytostatic effect or are only weakly active (657, 658).
C 1 C H 2C H 2— N — C H —
—Ν—CH C
2 ( C H , ) 4— C H 2
2 H 2C 1
Η
Η

(XXXIX)
1,6 -Di( jS-chloroethylamino )hexane

OH Η
C 1 C H 2C H 8— Ν — C H 2 —

H

Η

OH

1

C H 2— Ν — C H CH
,C1
Z

U H H

H

(XL)
1,6-Di( j3-chloroethylamino)-1,6-dideoxydulcitol

The consideration that bromo atoms are more reactive than chloro atoms
has led to the synthesis of l,6-di(jS-bromoethylamino)-l,6-dideoxy-Dmannitol (HBr) (26). The latter compound was active in smaller doses and
showed a higher therapeutic effectiveness against several transplanted rat and
mouse tumors than the chloro derivative (Table VI).
5-(Di-^8-chloroethylamino)uracil, apparently first prepared in Russia (397)
and later in the United States (432), shows an appreciable antitumor activity
against a wide spectrum of experimental tumors. This compound shows
encouraging results against lymphomas and chronic leukemias in man. It was
reported to work in cases where resistance to other drugs had been developed,
and it seems particularly active against young fast-growing tumors. The
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VI

TUMOR-INHIBITORY CONCENTRATIONS OF MANNITOL-BROMO AND CHLORO MUSTARDS"

Therapeutic dose (mg/kg body weight)

Tumors

Mouse
Rat
a

Mannitolbromomustard

3-5
2-3

Mannitol chloro mustard

20
15

From Balo et al. (26).

toxicity is reported to be low (391). This drug is being used by Busch and co
workers to study its effect on tumor DNA, RNA, and protein synthesis [see
OH
I

N ( C H 2C H 2C 1 ) 2
(XLI)

5 - (Di - j8-chloroethy lamino )uracil

section III.1.4.B(4)]. The 6-methyl derivative of aminouracil mustard, known
as dopan, has also been prepared by Russian investigators. Opinion differs as
to whether the two drugs show the same spectrum of action (506, 506a).
V.4.2.

CONVERSION OF INACTIVE D R U G TO ACTIVE D R U G

in situ

The mannitol mustard (Degranol) is different from HN2 in possessing a
secondary Ν instead of a tertiary Ν and, as might be expected, is very stable
in aqueous solution. In this connection, di-j8-chloroethylamine (nor-HN2) is
also of interest. Its high activity against Walker tumor, coupled with a
relatively low systemic toxicity, has recently been confirmed (161, 502). The
relatively low toxicity of the mannitol mustard and norHN2 is probably due
to the fact that the equilibrium between the ethylenimine and its ethylen
immonium ion is markedly to the side of the former. Since the latter is the
reactive form, the difference in pH of tumor and normal tissue may help to
determine the tumor specificity (reaction 47b).
Due to the presence of the electron attracting oxygen, N-oxide mustard
(348) (HN2—0; HN2-oxide Nitromin; Mitomen) shows a lower chemical
reactivity (hydrolysis) (73, 74) in vitro than the parent HN2 and a very
low general toxicity (LD 50 of HN2—Ο is 66 mg/kg in the rat as against
1.7 mg/kg in the case of HN2). The toxicity may vary from species to sjjecies.
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In man, HN2 has been reported to be about 50 times more toxic than its
oxide, but in rabbits there is not much difference (177). With nitrogen oxide
mustard, it has been possible to obtain complete and permanent regressions
of well-established rat tumors (Yoshida sarcoma; treatment started at a
tumor weight of 20 gm!) in more than 90% of the cases (73, 74,177,178). To
account for the decreased systemic toxicity and the increased therapeutic
efficacy of nitrogen oxide mustard, the drug is considered to be transformed
enzymatically into an active form in the tumor, i.e., by reduction to the
parent HN2, or by demethylation to norHN2:
H 3C—N(CH 2CH 2C1) 2
Ο

>

H 3CN(CH 2CH 2C1) 2

(48)

HN(CH 2CH 2C1) 2

When a cytotoxic drug is masked by chemical conversion to a derivative
which is less toxic or not toxic, and if the masked drug may be reconverted to
its active form in vivo by an enzymatic process ("bio-activation"), the possi
bility of obtaining a more selective antitumor effect is at hand, provided that
the conversion from latency to activity is dependent upon an enzymatic
parameter present in the tumor and not, or less so, in normal tissues. The
design of such compounds has been advocated by Friedmann (237, 238, 239),
Danielli (147,148,149,300,301), Druckrey (175,177,178), and Brock (73, 74).
Danielli has pointed out that the larger the number of cell variables which are
concerned in determining the action of the drug, the more selective the drug
will be. The cell variables may include both enzymatic parameters and the
transport of the latent drug, as illustrated by neoarsphenamine (ra-amino-phydroxyarsenobenzene-iV^methylenesulfoxylate), an effective drug for certain
infections of the central nervous system. In this case, the selectivity of the drug
is the result of the particular type of distribution of polar groups in the molecule
as a result of which the drug is caught up by the secretory cells of the blood
barrier and transferred from the blood to the brain and, once in the brain, by
the liberation of active arsenoxides, following the enzymatic reduction of the
hitherto inactive compound. The latent or detoxicated drug is called a "toxagenic " substance by Friedman; Brock uses the expression "transport form."
As mentioned above, the active transport of amino acids is a cell variable that
may give to toxic agents, administered as amino acid derivatives, some degree
of selective toxicity on tumor cells. iV-Fluoroacetylamino acids might be
accumulated in tumor cells and, following enzymatic splitting, the resulting
fluoroacetate would be converted (lethal synthesis) to fluorocitrate, which is
inhibitory to the citric acid cycle. According to the same principle, A^-iodoacetylamino acids may give rise to a selective localization of the glycolytic
poison, monoiodoacetate; A^-iodoacetylphenylalanine has been found to
inhibit sarcoma 180 to a greater extent than the parent monoiodoacetate (237,
239). The jV-iodoaeetylamino acids were more active than the Ar-fluoroacetyl
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derivatives against tumors cultured in vitro, but in vivo the opposite order of
activity was found (240). Some evidence has been presented to show that
iV^-acylsarcolysyl-valine and -methionine ethyl ester, which are less toxic and
show a more selective antitumor effect than the parent sarcolysine, are the
transpost form circulating in the blood, the sarcolysine portion being liberated
by enzymatic means in the tumor (552b). However, it should also be pointed
out that sarcolysine peptides may differ from sarcolysine in their action on
tumor cells, as shown by the fact that the former, in contrast to the latter,
cause a decrease of adenylic acid and an increase of the hypoxanthine content
of ascites tumor cells in vitro (552a).
An example in which an allegedly characteristic enzymatic property of a
tumor has been used to convert an inactive derivative into an active drug is
provided by the introduction of the diphosphoric acid ester of stilbestrol
(Honvan) in the therapy of carcinomas of the prostate (175). The disease can
be controlled to some extent by stilbestrol. The estrogen should, however, be
regarded as a general cytotoxic agent. Stilbestrol diphosphate is readily
soluble and lacks the toxic properties of the parent compound. Carcinoma of
the prostate contain a very active acid phosphatase which after administration
of the phosphoric acid ester may liberate the rather insoluble stilbestrol in the
tumor ('4 depot''). It should be noted, however, that the principle of this method
is based on the direct action of stilbestrol on the tumor cells, whereas the
possibility cannot be excluded that the hormone acts indirectly, the tumor
being androgen-dependent. Moreover, the liberation of the hormone from its
nontoxic precursor may be more diffuse since the blood of the patients contains
also an appreciable phosphatase activity.
As discussed previously, the chemical reactivity of nitrogen mustards may
be lowered by the introduction of an electron attracting substituent at the Ν
(compare Nitromin). Friedman and Seligman (238) prepared derivatives of
form (XLII) in which the ( = P = 0 ) residue inactivated the chemical reactivity
/NH2
(C1CH2CH 2) 2— N — ¥ = 0
(XLII)
(X = — N H 2 or — O R )

of the jS-chloroethylamine moiety. Activation might occur by the enzymatic
action or phosphoamidases or phosphatases which are supposed to be abund
antly present in many neoplastic tissues. Brock (17,18, 75, 76) tested a series
of cyclic phosphoramide esters of the formula (XLIII).
Η
( C 1 C H 2C H 2) 2N — P = 0 ( C H 2) n
(XLIII)
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Of these, iV^,iV-(di-j8-chloroethyl)-jV^O-propylenephosphordianude (n = S;
known as endoxan, Cytoxan, Cyclophosphamide, or Β 518) caused complete
regression of well-established tumors, i.e., Yoshida sarcoma (therapy started
at a tumor weight of 10-16 gm), Walker 256 tumor (0.15-1.0 gm), and Jensen
sarcoma (4-7 gm). The therapeutic index decreased in the order:
endoxan > Nitromin > HN2 > Ε 39
and a number of other alkylating agents (17,18, 75, 76,178). Endoxan exerted
low toxicity compared with HN2 and HN2—0, being of the same order as that
of norHN2. A strain-specific carcinosarcoma of the acoustic duct, which had
been refractory to any other chemotherapeutic tested, was less susceptible to
the action of endoxan, but the survival time of the tumor-bearing rats was
prolonged 2-3 times, with some permanent cures. A highly differentiated
mouse tumor (granulosa cell tumor of the ovary) was, however, only inhibited
as long as endoxan was administered (64). The superiority of endoxan in pro
longing host survival and in inhibiting tumor growth has been confirmed (391).
It has also been reported that in human patients with many diverse tumors
other than those of the hematopoietic system, evidence of tumor regression
was obtained in a greater number of instances than would have been antici
pated with other alkylating agents (529).
It must be emphasized that neither in the case of Nitromin nor in that of
endoxan direct proof of the postulated biochemical transformation is avail
able. However, the marked inhibition of the growth of yeast by low concen
trations of HN2 (0.064 jLtg/ml) in contrast to the high concentration of Nitromin
(1 mg/ml) which is necessary to obtain a similar effect, together with the
marked concentration difference for blocking the mitoses of sea urchin eggs,
provides some indirect evidence (177,178). If the transformation of the latent
drug into its active form is mediated enzymatically, the antitumor effect must
be expected to be highly temperature-dependent. To prove this point, rat
sarcoma ascites cells were incubated (177, 178) in vitro during 60 min with
graded concentrations of Nitromin and HN2 both at 5° and at 37° C; at subse
quent injection into the animals, the number of tumor "takes" served as a
measure for the toxic effect. Table VII summarizes the results of this experi
ment; the 3000-times increase in the dose-response effect in the case of
Nitromin is suggestive of a temperature-dependent enzymatic activation of
the drug. With HN2 the increase in activity was only fivefold, this gain may
be largely due to the temperature-dependence of the chemical reactivity. A
similar experiment carried out with endoxan yielded a negative result (17,18,
75, 76), which allows the conclusion that the ascites tumor did not contain the
enzyme necessary for the transformation of the drug into its active form. Since
the tumor was inhibited in vivo by administration of the drug, it may follow
that the actual transformation was carried out somewhere in the host, leading
to a drug metabolite possessing high antitumor activity without causing the
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usual systemic toxicity. It has indeed been found that, e.g., liver homogenate
may activate endoxan (232). The low systemic toxicity may be accounted for
by assuming that norNH2 is the circulating drug metabolite,* as shown in
reaction 49:
endoxan

liver

>

norHN2

tumor

>

pH<7.0

reactive ethylene immonium ion

(49)

More insight into the effects of latent drugs might also be provided by
administration of the latter in a labeled form and measurement of the bound
radioactivity in tumor and host. The latent drug may show a more selective
distribution than the parent drug. It has already been found that TEPA
TABLE

VII

COMPARISON OF THE DOSAGE OF HN2 AND NITROMIN REQUIRED TO INACTIVATE ASCITES
TUMOR CELLS IN 5 0 % OF CASES'*
Dosage ^g/ml) during preincubation
Drug
NH2
Nitromin
α

at 5 ° C
0.5
>2000

at 37°C
0.1
0.7

From Druckrey (177).

(triethylenephosphortriamide), TEM, HN2, and OPSPA are not selectively
localized in the tumor (615). However, after administration of P 3 2-labeled
TEPA to mice bearing a leukemia, a sarcoma and a lymphosarcoma, the
specific radioactivity of the three tumor tissues was of the same relative order
as their known susceptibility to the agent. The nonselective localization of
OPSPA (see structure in reaction 50, p. 165), which caused complete regression
of established Flexner-Jobling carcinomas following a single, nontoxic
injection (435, 436), makes it probable that its tumor-inhibitory effect stems
from a minute amount of drug or some metabolite reaching the tumor. Since
it has been found that OPSPA is desulfurized in vivo and converted to the
oxygen analog, ΜΕΡΑ, and since ΜΕΡΑ has been found to be circulating in
the blood and to be present in the aqueous-soluble fraction of the tumor, the
possibility has been considered that ΜΕΡΑ is the actual drug. Tests of both
drugs showed them to be of equal tumor-inhibitory potency; whether further
splitting of ΜΕΡΑ by a phosphoamidase to a more active compound takes
place is not known. The ethylenephosphoramides, however, appear to have a
greater metabolic stability than many other alkylating agents, since an active
tumor-inhibiting metabolite (ΜΕΡΑ) is present in the blood, tissues, and urine.
* Recent evidence suggests (76a, 178a, 652a) that endoxan is activated by the N A D P H 2
and Ο2 dependent drug-metabolizing enzymes of liver microsomes following iV-hydroxylation (formation of iV-hydroxy-norNH2?). NorHN2 may not be formed (178a, 236a).
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J

S=P

.CH2
-N:

/CH2

I

A

CH2
Η 2C

iV-(3-OxopentaH 2C
CH
methylene)iV ',A7"-diethylenethiophosphortriamide (OPSPA)

CH 2

iV-(3-Oxopentamethylene)iV ',2V"-diethylenephosphortriamide (ΜΕΡΑ)

(?)

OH
.CH2
0= = P - N : J
I
CH2
A
H„C
CH,

(50)

When a masked drug is designed in a rational way it is necessary to have
information about the activity of the enzyme which is chosen as bio-trans
former of the drug. The particular enzyme activity has to be high in the tumor
and low in the normal tissues. If an appropriate enzyme can be selected it may
still be necessary to prepare a whole series of derivatives in view of the sub
strate "specificity" of the enzyme. In the-series of cyclic phosphoramidemustard derivatives, for example, the compound with η = 2 was rather
inactive, which might have been due to the fact that it was not metabolized
to any marked extent.
Ross and Warwick (557) have studied a series of azo derivatives of the
aromatic nitrogen mustard class, substituted in various positions of the
benzene nuclei with carboxyl, halogen, or nitro groups.

^ y _

N

=

_N^ \ _

N

(

HC

2

C H

2

C l )

2

4 - (Di - β-chloroethy lamino )azobenzene
-N(CH 2CH 2C1) 2 + H 2N -

N(CH 2CH 2C1) 2

(51)

The parent compound, 4-(di-jS-chloroethylamino) azobenzene, bears chloro
atoms of low chemical reactivity, but the reduced products (hydrazo or amine)
would be more reactive (reaction 51). The authors found a very striking corre
lation between the reducibility of the various azo derivatives by the isolated
xanthine oxidase system and their tumor inhibitory activities (Table VIII).
One anomaly was noted in the case of the2-methyl,4 / -carboxyl derivative but
it seems probable that the 2-methyl group was converted in vivo to a carboxyl
group; it has, in fact, been shown that 55% of the 2,4r -dicarboxy derivative is
enzymatically reduced under the standard conditions. It has been suggested
that azo compounds which are activated in the above manner should be parti
cularly effective against neoplasms in which the xanthine oxidase content is
high, e.g., hepatomas.

166

P. EMMELOT

That a correlation between the ability to cause inhibition of an experimental
tumor and the presence of significant amounts of activating enzyme in the
tumor does indeed exist, has been shown by Hebborn and Danielli (300, 301).
These authors used acylated derivatives of p-aminophenyl and p-hydroxyphenyl nitrogen mustard; one of the acyl groups was monofluoroacetyl, which,
after cleavage in the tumor to fluoroacetate, may give rise to extra toxicity.
Acylation reduced the systemic toxicity to a marked extent. When the tumor
contained an enzyme capable of splitting-off the acyl group, the selectivity of
TABLE

VIII

REDUCIBILITY AND ANTITUMOR ACTIVITY OF SOME SUBSTITUTED 4-DI-JS-CHLOROETHYLΑΜΙΝΟ AZOBENZENES

Compound

V—N=N— 2

2'

3

\ — N ( C H 2C H 2C 1 ) 2

2—COOH,4—N02
2—MeO,2—COOH
2—Me,2—COOH
2—Me,2—COOH,4—Me
2 —COOH
2—COOH,2—CN
4 — S 0 3H
2—Me,4—COOH
4—COOH
2—SO3H
3—COOH
a

% Reduction by
xanthine oxidase xanthine at pH
8.2. (in 30 min)

c. 85 (in 5 min)
70
49
42
34
34
5
4
4
2
2

Tumor growth inhibitory activity
(Walker tumor)

+
+
+
+
+
+

—

+

—

—
—

After Ross and Warwick (557).

the antitumor effect was increased. In the latter study, simple inactivating
groups were used. A further refinement has been made by introducing as the
"inactivating group" a natural substance such as an amino acid, which
facilitates transport, as discussed above. Peptidases would be required to split
these derivatives; these enzymes have been shown to be especially active in
the rapidly growing parts of solid tumors (635). The selectivity of the drug now
depends on three parameters: (1) the nontoxic derivative is "conducted" to
the target; (2) the conversion to the toxic drug depends upon an enzyme
abundantly present in the target tissue; and (3) only those tissues which
possess a high mitotic index will be affected by the liberated mustard. Using
glycine and phenylalanine as "conductors" and inactivators of the aromatic
nitrogen mustard residue (XLIV, XLV), Danielli (150,151,155) has been able
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to obtain partial or complete regression of established tumors. A high propor
tion of complete regressions of well-established Walker-256 tumor transplants
Η 2N — C H 2— C O — N H — ^

^ - Ν ( Ο Η 2CH2C1) 2

(XLIV)
Glycyl-jo-(di-j3-chloroethylamino)phenylamine

/

\ — C H «—CNH « — C O — N H — /
C H 2— C N H 2— C O — N H — (

\
J—N(CH2CH2C1)

(XLV)
Phenylalanyl-p-(di-j3-chloroethylammo)phenylamine

and high activity against the August rat hepatoma has been obtained with the
compound of formula (XLVI).
HOOC—^

NH—CO—Ο—^

^ — N ( C H 2C H 2C 1 ) 2

(XLVI)

Another intriguing possibility for selecting a specific enzyme in the neo
plastic population as an activator of a latent drug, has also been explored by
Danielli (SO, 152, 153). Certain tumors may easily become resistant to the
inhibitory effect of urethane (ethyl carbamate); this resistance is due to the
enzymatic degradation of the drug by the tumor cells. The same enzyme
activity may be used to transform an aromatic mustard, inactivated by the
introduction of a carbamate group, into the toxic form.
isoPr—O—CO—NH-^

^

(XLVII)
Isopropylphenyl carbamate

isoPr—Ο—CO—NH—/

\ — N ( C H 2C H 2C 1 ) 2

(XLVII)
Isopropyl-jo-(di-j3-chloroethylamino)phenyl carbamate

Isopropylphenyl carbamate was first administered to Walker-tumorbearing rats over several days. It was then stopped but the carbamate mustard
derivative was continued for 10 days. In this way it was possible to secure
complete and permanent regression of the tumor. The rationale of this
approach is strengthened by the observation that the two compounds acted
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synergetically in causing the complete disappearance of the tumor only when
administered one after another. When administered alone, the former compound effected a small decrease in the rate of tumor growth and the latter
inhibited the tumor growth but did not cause any regression. When the
sequence was reversed or when the compounds were given simultaneously, the
effects obtained were no greater than those from the administration of the
mustard alone. Colorimetric measurements have been made to determine the
amount of aniline liberated from isopropylphenyl carbamate in tumor tissue
homogenate. Markedly increased enzymatic activity has been demonstrated in
potentiated tumor tissue; no such rise occurred in the liver. Table I X lists the
TABLE

IX

THERAPEUTIC EFFICACY OF NITROGEN MUSTARD DERIVATIVES AFTER POTENTIATION
BY ENZYME INDUCERS'1
R is — ^

^—N(CH C
2 H 2C1) 2

R l is

- N ( C H 2C H 2B r ) 2

R2 is

R'is

% Complete regression of the
Walker tumor

Nitrogen
mustard derivative
R'.NH.CO.OPri
R'.S.CO.OPri
R.NH.CO.CH3

Potentiator
RlNH.CO.OPri*
RlS.CO.OPri
R2NH.CO.CH,d

With mustard
alone
0
10
20

With potentiator
followed by
mustard
75
50
>75

a

After Danielli {154, 156).

b

Induction of tumor enzyme capable of splitting the potentiator established.

results of sequential treatment with enzyme-inducing potentiators and the
corresponding nitrogen mustards on the Walker tumor; the last example
shows that the principle is not confined to urethanes. Although it is difficult to
draw conclusions from the few instances cited (156a), these drug combinations
may appear to have (some) effect also on human patients.
An ideal example of drug specificity based on the conversion of a latent
compound to an alkylating agent in the target cells, exists in the case of the
iV-nitrosodialkylamines. Unfortunately, only the liver is the target,* since it
* This applies to the toxic and not to the carcinogenic effect. The latter may be due to
the fact that other tissues contain only small amounts of enzymes which metabolize the
nitrosoamines.
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contains the specific enzymes which dealkylate the A^-nitrosodialkylamines,
with the ultimate formation of alkylcarbonium ions (214)) (see reaction 52).
Hepatomas and other tumors are devoid of these enzymes.
0=N—
CH3

- H 2C 0

0=N—

>

L

CH3

_
H 20

>

C H 2N 2 (diazomethane)

(52)

From the study of the latter and other compounds, there is some evidence
that alkylating agents disorganize internal membranes. This may lead to
the activation of latent enzymes located in the membranes such as the
NADase, which would be very harmful to the cell [see section III.2.2.A(1)].
It has recently been suggested by de Duve (182) that a drug-mediated rupture of lysosomal membranes, liberating acid hydrolases contained in the
lysosomes, might constitute a basis for tumor therapy (317b).
Finally, the possibility should be mentioned of designing—on account of
known enzyme distributions—a toxic alkylating agent that is metabolized by
the normal tissues and thus made harmless, but left intact by the tumor.
Considering the low esterase activity of most carcinomas and the high esterase
activity of normal epithelial cells of many vital organs, 2,2'-di(j8-chloroethylthio)ethyl acetate (C1CH 2CH 2S—CH 2COOC 2H 4—SCH 2CH 2C1) which on
hydrolysis yields monofunctional compounds of about one-twentieth the
toxicity of the parent compound (for dogs), was prepared (591). In view of
complications arising from the activity of serum esterase, no definite judgment
on the therapeutic merits of the latter compound is as yet available. Other
possible examples of the principle of "latent inactivity" are given by Ross
(559).
V.5. Conclusion
The importance of the carrying structure of the alkylating groups in determining the effectiveness of the drug as an antitumor agent has been shown
beyond doubt. Given a certain class of alkylating groups, the carrier may
govern the chemical reactivity, the transport, and the preference to react with
certain molecular sites. The carrier should confer latency on the drug and the
faculty for transport into the tumor cells. The nature of the carrier should be
such that, once inside the tumor, the drug is acted upon by one or more enzymes
(constitutive or adaptive) which convert the latent drug to a form capable of
reacting with a cell component that is more vital to the tumor than to normal
cells. In addition, the activating enzyme should be low in the normal cells.
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A combination of this principle with that of "lethal synthesis" may lead to
improved therapeutic results. For this purpose an antimetabolite conjugated
with a carrier molecule is required. The carrier should confer to the conjugate
a preferential tissue distribution, and prevent the antimetabolite from being
activated or converted to an active form in the host tissues, the conjugate
having to be preferentially split by a hydrolytic enzyme of the tumor, whereupon the liberated antimetabolite is further activated in situ. Examples of
compounds which satisfy these criteria to some extent are stilbestrol diphosphate (see p. 162) and 2-amino-6-(l/ -methyl-4' -nitro-5' -imidazolyl)thiopurine
(see p. 83), and, less so, the di- and tri-acetyl ribosides of aza- and fluorouracil
(see p. 91, and (310a)).

VI. DRUG RESISTANCE
VI.1. Natural and Acquired Resistance
If a tumor shows a natural resistance to a given carcinostatic agent, one may
assume that the functional machinery of the particular neoplastic cell population is not susceptible to the action of the drug. The failure to respond may,
from the biochemical point of view, be due to the same reason as that underlying the nonresponsiveness of a normal tissue to a given drug. 8-Azaguanine,
for instance, is deaminated by the enzyme guanase to the nontoxic 8-azaxanthine (560). Guanase is present in several host tissues including the liver. Once
this enzyme is blocked by administration of 4-amino-5-imidazolecarboxamide,
a severe systemic toxicity is produced by a dose of 8-azaguanine which, in the
absence of the guanase inhibitor, is well tolerated (102, 441). It has been shown
that three different tumors which did not respond to azaguanine contained an
appreciable quantity of guanase; susceptible tumors, however, possessed a
very low level of the enzyme (318). The human brain neoplasm, glioblastoma
multiforme, was inhibited in tissue culture by the antimetabolite and was
found to be devoid of guanase, whereas normal brain tissue showed extremely
high levels of enzyme activity and was not damaged by the antimetabolite
(319).
The enzymatic degradation of the drug thus constitutes a mechanism by
which resistance is conferred to the cell. This mechanism, when operating in
the host tissues, prevents systemic toxicity and favors selective toxicity in
regard to the tumor, provided that the tumor enzyme is little active, if at all.
Systemic detoxication is mostly confined to certain host tissues; 5-FU for
example is degraded in the liver but not in the intestinal mucosa, which may
be severely affected by the drug. On the other hand, systemic detoxication may
counteract the antitumor effect by preventing the drug from reaching the
tumor in sufficient quantity. Canavanine, for instance, has been shown (388)
to be severely toxic for Walker carcinosarcoma cells cultured in vitro by being
a competitive antagonist of arginine; its failure to inhibit the tumor in vivo
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has been attributed to the activities of enzymes present in liver and kidney,
which metabolize the arginine analog. Thus, in certain cases the apparent
resistance of a tumor in vivo may be due to the inability of the drug to reach
the tumor (672). However, the present discussion will deal with mechanisms
which confer resistance at the cellular level of the tumor.
Apart from the natural resistance shown by certain tumors, others may
acquire resistance during or after chemotherapeutic treatment, as shown by
the recurrence of the disease. Natural resistance is due to the fact that most
cells of the tumor population contain a mechanism which nullifies drug action.
Acquired resistance arises from the presence of the resistance-conferring
mechanism in only a few of the tumor cells. The latter may be present at the
start of treatment since tumors, once established, may be genetically heterogeneous, and tumor cells containing the enzymes (and their DNA prototypes)
of the resistance mechanism will be selected by the'' pressure'' applied through
the use of the drug. In addition, mutants arising independently of the drug may
also be selected and give rise to a new, resistant, population. Cases of directed
mutation are not known, but in view of the mutagenic properties of several
classes of antitumor agents, this possibility should not be excluded entirely.
Resistance to a given drug in neoplastic cells may arise suddenly or stepwise,
resembling, respectively, the streptomycin (change in one gene locus) and the
penicillin (change in a polygenic system) patterns of resistance in microorganisms (399, 400).
In contrast to the genetic changes, a drug may induce a change in the
metabolic pattern by some mechanism resembling induced enzyme-synthesis
or by affecting enzyme-activity through feedback relations. This physiological adaptation is unstable, and reversal to sensitivity occurs in the absence
of the drug in contrast to the stable, irreversible, and hereditary change
(genetic adaptation) discussed above. A possible instance of the unstable type
of resistance to amethopterin has been observed by Law in a plasma cell
neoplasm (399,400), the drug being able to induce the dihydrofolate reductase
(46a). Compare also azauridine and orotidylic decarboxylase (p. 91).
VI.2. Biochemical Mechanisms Responsible for Drug Resistance in
Tumors
1. Inactivation of the drug. One such an example of natural resistance to
8-azaguanine has been mentioned above. In similar experiments carried out
with another azaguanine-sensitive tumor and two nonsensitive variants,
obtained through selection, there were found to be no real differences in
guanase concentration among the various cell lines (399, 400). Different
mechanisms might thus exist for natural resistance and for that developed
through selection. However, in view of the fact that the presence of a more
active degradative enzyme for thioguanine appeared to be the biochemical
basis for resistance to this drug in a subline of the Ehrlich carcinoma obtained

172

P. EMMELOT

through selection (574), no a priori difference between the mechanism of
natural and that of acquired resistance exists. On the other hand, it is hardly
surprising that differences in resistance mechanisms do exist since any type
of mutant more apt to survive when the general population is challenged by a
drug, may be selected.
2. Loss of enzyme concerned with the conversion of the drug to its active form.
8-Azaguanine, like 6-MP, manifests its toxicity at the nucleotide or polynucleotide level. It has been shown by several investigators that the resistance
to growth inhibition by 8-AzG (77,78), 6-MP (79, 500), and 5-FU (535) in many
tumors is due to the latter's inability to convert the antimetabolites to the
corresponding nucleotides. This type of resistance is apparently due to the
lack on the part of the resistant cells to utilize preformed purines for nucleic
acid synthesis as a result of the loss of nucleoside phosphorylase or pyrophosphorylase (419). In such cases, administration of the drug as its riboside may
lead to inhibition, provided that the nucleoside phosphokinase is still present.
Azauridine-resistant lymphoma cells appeared to lack the uridine phosphokinase (499).
3. Development of alternative metabolic pathways to inhibited products. This
type of resistance may be expected to arise in the area of nucleic acid synthesis
where both de novo synthesis and synthesis from preformed metabolites is
possible and feedback mechanisms between the concurrent pathways operate.
Resistance to an inhibitor acting upon the de novo pathway may be due to a
concomitant increase in the uptake of preformed metabolites. In tumor cells
resistant to azaserine the de novo purine synthesis was inhibited to the same
extent as in the susceptible cells but the former showed a more rapid recovery
of the ability to synthesize purines de novo than the latter (572). During the
initial period of this inhibition there was found a greater ability on the part
of the resistant cells to utilize preformed purines for nucleic acid synthesis.
An ascites tumor strain susceptible to amethopterin has been found to show
some degree of physiological adaptation to overcome the inhibition on the
de novo purine synthesis by a compensatory mechanism concerned with the
concurrent pathway (576).
4. Increased activity of the susceptible pathway. Amethopterin has been
shown to inhibit the de novo purine synthesis of a susceptible ascites tumor
but not that of the resistant variant (576). In neither of the two strains was the
incorporation of adenine into the nucleic acids affected immediately after
administration of the drug. In the resistant strain, the de novo synthesis was
increased 2-3 hr after administration of the drug. Resistance might, accordingly, also be due to an increase in activity of the susceptible pathway, thus
counteracting the damaging effect of the inhibitor on this pathway. A bacterial
strain resistant to amethopterin appeared to be from 80-250 times more
efficient in converting folic acid to the actual formyl donor than the parent
susceptible strain and, hence, the former cells were not antagonized by a level
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of antimetabolite which was toxic to the latter cells (485). An increased amount
of (di)hydrofolic acid reductase, 65-155 times more (282), has also been found
in leukemic cells resistant to the antifolics (229, 325, 463). The large enzyme
excess acts as a specific physiological inactivator by binding the drug, enough
of the enzyme remaining free to carry on its normal functions. Some evidence
for an increased glutamine synthesis in azaserine and DON-resistant tumor
cells has been obtained (351).
5. Decrease in relative affinity of an enzyme for a drug. Another type of
resistance may be due to a decrease in the relative affinity of an enzyme for
the drug as compared with the metabolite. This is illustrated by the thymidylate synthetase of fluorouracil-resistant Ehrlich-ascites cells, which is hardly
inhibited by deoxyFUMP (309).
6. Decreased uptake of drug. Two resistant ascites tumor sublines concen
trated azaserine at low concentrations less efficiently than the sensitive parent
strain (512). This difference could account for the differences in azaserine
sensitivity and inhibition of purine synthesis in the various tumor strains.
However, resistance to azaserine and DON, other than by a change in concentrative uptake, has also been observed (352). Decreased permeability may also
underlie resistance to antifolics (675a and b) and alkylating agents (677b).
It is evident then that multiple mechanisms may lead to resistance. Studies
on bacteria are in line with this concept. One Streptococcus faecalis, mutant
resistant to 6-MP, used the drug as a source of nucleic acid purines, a second
mutant was unable to convert preformed purines and 6-MP to the correspond
ing nucleotides, and a third resistant strain had a greater ability to synthesize
purines de novo and could, accordingly, better withstand the purine antagonist
(25). The excellent reviews of Law (399, 400), Woolley (688), Welch (672), and
Davis and Maas (160) should be consulted for further details concerning the
aspects of drug resistance; see also (79a, 310a, 413a).
Apart from resistant tumor strains, drug-dependent variants may also be
selected. A leukemic cell-strain dependent upon Amethopterin tended to
display the same metabolic "blockade" as the susceptible variant in the
presence of the drug, but in the former case there was no evidence of the
blockade's effectiveness in preventing the de novo purine synthesis (even an
increased synthesis was observed). Explanations for cellular dependency—in
contrast to cellular resistance—are as yet entirely lacking (642, 643).
VI.3. Attempts to Control Resistance
Unless controlled in some way the mutation-selection mechanism of
resistance may ultimately doom every attempt at chemotherapy to failure.
It has been said that mutation in mammalian cells can neither be prevented
nor reversed in a directive manner (399, 400). On the other hand, guanosine
is considered to act as an " antimutagen " for bacterial cells since it counteracts
the mutagenic action* of theophylline in E. coli (487). It should, however, be
* Theophylline increases the mutation rate of resistance to Τ5 phage in E. coli.
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pointed out that, if a tumor cell results from an (induced) somatic mutation,
orotic acid, thymidine and some other compounds might be regarded equally
well as antimutagens for mammalian cells, since the latter compounds reverse
the carcinogenic effect of urethane in mouse lung (551). Moreover, evidence
has been presented that after treatment of the host with glucagon and triiodothyronine certain drug-resistant tumors are rendered sensitive to the
original drugs (see section III.2.4.B). The mechanism of this effect is
unknown, but the possible principle will be discussed below.
Of practical importance is the finding that tumors resistant to one type of
agent may still be sensitive to another type of agent. Vineblastine sulfate has
induced responses in patients with Hodgkin's disease no longer responsive to
alkylating agents, and with choriocarcinoma refractory to aminopterin (325).
The method of choice to curtail the development of resistant tumor-cell
variants as far as possible, appears to be the use of a combination of drugs.
Theoretically, when two drugs are administered simultaneously, the probability of a doubly resistant mutant arising is equal to the product of the
individual mutation rates (165). In practice, the phenomenon of crossresistance limits the number of drug combinations. Tumors resistant to one
purine antimetabolite (6-MP) may be resistant to all the others (thioguanine;
azaguanine); this does also apply to the antifolics and the two glutamine
antagonists, azaserine and DON (399, 400). However, FU and FUDR appear
to be active against antifolic-resistant leukemia (90). The phenomenon of
cross-resistance indicates that either the metabolic effects of the drugs in
question are closely related or that the mechanism by which the drugs are
converted to their actual toxic form is the same. The effect of FU and FUDR
against amethopterin-resistant tumors suggests that, apart from the common
inhibition of the thymidylate synthetase, the carcinostatic effect of the
former drugs is also related to other sites of inhibition (see reaction 32, blocks
2 and 3).
In certain cases it has been shown that increased resistance to antipurines
is accompanied by increased sensitivity to antifolics, and vice versa. This is
the principle of collateral sensitivity in which, by acquiring resistance to one
agent, the cell may show an increased sensitivity to another agent (325, 636)
[see section III.1.1.A(2) on "conditioned selectivity"]. It may be visualized
that even small changes, through genotypic or physiological adaptation, in
the relative contribution of the two pathways leading to nucleic acid synthesis
may profoundly influence the effect of inhibitors interacting with these two
pathways. A decrease in the ability to utilize preformed purines, for instance,
will lead to a smaller conversion of, say, 6-MP to its nucleotide as compared
with the susceptible cells. As a result the de novo synthesis of the purine
skeleton will be inhibited to a smaller extent but since the latter pathway has
now become of still greater importance in the net formation of nucleic acids,
the effect of an antagonist on this pathway (an antifolic or azaserine) may
produce a more pronounced end-effect. A similar situation may be envisaged
if resistance to a drug acting on one of the two pathways of nucleotide synthesis
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is due to an increase in the activity of the second pathway and the latter is
inhibited by another drug. This interpretation should be considered as
approximate rather than as depicting the actual situation which is undoubtedly
more complex. Nevertheless, the possibility cannot be excluded that the
development of resistance in cancer cells to an antimetabolite may result in
the appearance of a metabolic pathway so distinctive—either quantitatively
or perhaps even qualitatively—from those in the normal cells, that a more
selective therapy may become possible as the very result of resistance. The
resistance might actually be brought about deliberately by administration of
a noncurative drug. Such cases, in which resistance has been exploited in order
to obtain a more selective antitumor effect, have been cited earlier (section
V.4.2); the enzyme conferring resistance to a given drug converted a related
latent drug to its active form. It has been pointed out (496a) that if a given
drug shows repressorlike activity (sharing this property with a natural meta
bolite) on the synthesis of the enzymes of a metabolic pathway, mutation
involving the loss of repressibility and drug-sensitivity will result in high
enzyme levels of this pathway (see below). A second antimetabolite which
requires one of the enzymes of this pathway to be converted to its active form,
may then have a greater toxic effect on the resistant cells than on the original
ones. It may be added that if a drug or hormone (see p. 129) shows a derepressorlike effect on an enzyme or sequence of enzymes, unusual sensitivity
to a second drug, activatable by one of these enzymes, may develop. By such
measures resistant tumor cells might be controlled or even prevented from
arising, following a rapid killing off of the sensitive ones.
VIA. Drug Combinations and Increased Therapeutic Effect
A drug may be degraded to an inactive derivative by host or tumor enzymes.
Administration of a second drug, which inhibits the latter enzymes, will cause
a rise of the effective concentration of the first drug and, thus, may lead to an
increased systemic toxicity, especially if the host enzyme is inhibited (compare
azaguanine/guanase/4-amino-5-imidazolecarboxamide,pp. 84,170). By lower
ing the administration of the first drug, systemic toxicity will decrease but the
chemotherapeutic efficacy need not increase. The latter depends on the nature
of the drug, the relation between drug concentration and metabolic effect in the
various tissues (the metabolic effects, in turn, being dependent on the intra
cellular drug concentration and the relative rates of the metabolic reactions
interfered with), and the distribution of the enzymes inhibited by the second
drug. The therapeutic outcome of such drug combinations is still largely
empirical. However, a promising effect has recently been obtained in the case
of 6-mercaptopurine and some other 6-substituted purines (191). These drugs
are degraded by the enzyme xanthine oxidase. Coadministration of the potent
xanthine oxidase inhibitor 4-hydroxy(3,4-d)pyrimidine resulted in an im
provement of the chemotherapeutic index, since toxicity to the host was not
increased proportionally to toxicity to the tumor (Adenocarcinoma 755).
Metabolic experiments showed that 6-MP was markedly less degraded, both
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in mice and man, under these conditions, and that the suppression of antibody
formation required lower doses of 6-MP (191a). The present example shows
that therapy may be improved by drug combination.
Synergism, expressed in host survival, exists whenever the antitumor effect
of a combination of two or more drugs is more pronounced than the sum of the
individual effects (251, 660). Synergism may be obtained at low drug concentrations, but a similar prolongation of host survival may be brought about by
one of the drugs given separately at a higher dose—e.g., Amethopterin and
6-MP on leukemia (251). Only when the effect of the combination is superior
to the sum of the separate effects obtained at optimal drug dosages and schedules, is "therapeutic synergism" obtained—e.g., uracilmustard and 6-TG on
sarcoma 180 (58a). The drugs chosen for combination therapy should not show
cross resistance nor inhibit the same reaction; combinations which satisfy
these requirements are Amethopterin or azaserine and 6-MP, AzG or 6-TG
(409, 638).
Although the biological effect of a drug combination cannot be predicted,
synergism, obtained at the biological level, may find its rationale from
considerations and experiments on biochemical mechanisms. It can be envisaged that the action of a certain drug renders the tumor more susceptible to a second drug acting at subsequent loci of the same biosynthetic
pathway, or more generally, that administration of a drug which depresses
the concentration of a metabolite renders the tumor more susceptible to an
antagonist of the latter metabolite. This consideration is based on the fact
that the degree of inhibition by a competitive antimetabolite is dependent
upon the metabolite concentration, while the degree of inactivation of an
enzyme by a noncompetitively-acting antimetabolite is dependent upon the
capability of the metabolite in protecting its enzyme. When two pathways
lead to the same metabolite and one is blocked, the second becomes of relatively
greater importance. Blocking of the latter pathway may also lead to a synergistic antitumor effect. Moreover, any physiological adaptation through a
compensatory increase in activity of the second pathway, following blocking
of the first, is abolished by blocking the second, also. The following types of
metabolic blocks may be distinguished (Fig. 13):
1. Inhibition of more than one step along a metabolic sequence leading to
the formation of an essential metabolite is known as sequential blocking (515).
Examples: amethopterin or mercaptopurine plus azaserine; the inhibition of
of the citric acid cycle by malonate plus transaconitate or fluoroacetate.
2. The simultaneous blocking of two parallel pathways concerned with the
formation of the same metabolite is called concurrent blocking (89,194). This
has been realized (573) in respect to RNA synthesis by the synergistically
acting combination of azaserine, which inhibits the de novo pathway but not
the utilization of preformed purines, plus thioguanine, which inhibits the
incorporation of guanine and is incorporated into nucleic acids. If the de nova
pathway of nucleotide synthesis is blocked by a drug and more preformed
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purines are incorporated by a compensatory increase than in the absence of
the drug, also more of an antipurine may be converted to its nucleotide. An
increased formation of thioguanine and mercaptopurine nucleotide following
co-administration of azaserine has been observed (313, 411, 501). A very
strong synergistic effect, leading to the resorption of Adenocarcinoma 755 has
been observed after the administration of 6-azauracil plus urethane, both of
which affect pyrimidine biosynthesis (195). A remarkable effect of environ
mental conditions on the latter inhibition has recently been reported (49).
>
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>

Metabolite A

(1) Sequential blocking

Metabolite Β

(2) Concurrent blocking (conversing reactions)

>

>

—J—>

>

>

>

Metabolite C

—J—>

>

Metabolite D

(3) Concurrent blocking (unrelated reactions)
FIG. 13. Metabolic blocks.

Another interesting application of the principle of concurrent blocking has
been reported in the field of DNA synthesis. Synthesis of DNA-thymine may
occur de novo and from preformed thymine. 5-Mercaptouracil inhibits the
latter and 5-fluorouracil or antifolics inhibit the former pathway. Synergism
between 5-MU and a relatively low dose of 5-FU has been observed (16, 29).
A similar finding has been made with the combination FUDR and 6-azathymine (6-AT). The antileukemic effect of the former compound was
increased from 8-16 times by 6-AT (89). 6-AT, by being a thymine antagonist,
probably inhibits* the increased uptake of preformed thymine which accom
panies the inhibition of thymidylate synthesis by dFUMP. These findings may
be of particular interest because they offer a possibility of reducing the
chemotherapeutically active dosage of 5-FU and derivatives from their toxic
level. The last three examples show that drugs such as urethane, 5-MU, and
6-AT, which per se show only a limited activity because of the fact that they
inhibit one of a number of alternative pathways leading to the same endproduct, may be of great importance in a combined therapy. This may also
apply to ethionine, which is inactive when administered alone, but markedly
* 6-AT nucleoside inhibits also reaction 29 (613a).
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increases the inhibitory effect of Amethopterin on Adenocarcinoma 755 and a
mouse leukemia (606). Finally, the synergism between aminouracil mustard
and 6-TG may be explained by the compounds' interference with the guanine
moiety of nucleotides and nucleic acids (58a).
Metabolic blocks of type 1 or 2 may represent "ideal" situations if the drugs
act more diffuse; if so the following type of metabolic block also operates.
3. Concurrent blocking of unrelated metabolic sequences, leading to
essential metabolites, may also cause an increased chemotherapeutic effect.
Application of this procedure is in general hampered by lack of precise bio
chemical information and is, as yet, largely empirical. An instance of multiple
drug treatment is that in which the combined administration of testosterone,
deoxypyridoxine, azaguanine, and excess nicotinamide causes a significant
f
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FIG. 1 4 . Enzyme changes following abolishment of enzyme repression by an antimeta
bolite (Aj) which inhibits thefirstenzyme of a metabolic sequence and leads to an increased
conversion of a second antimetabolite (A 2) to its active form (Α 2') by the increased amount
of the second enzyme (E 2). Adapted from (496a). (Bold characters and arrows represent,
respectively, increased amounts of enzyme or end-product, and increased amounts of
substrate converted by the enzymes).

regression of Adenocarcinoma 755. The presence of all 4 compounds was
necessary to effect regression, and fewer in combination, no matter what the
dosage, were incapable of more than arresting the tumor growth (597).
Testosterone decreased the already low concentration of vitamin B 6 in
Adenocarcinoma 755 and increased the carcinostatic effect of deoxypyridoxine
(593). Azaguanine and nicotinamide probably affected the already low level of
pyridine nucleotide coenzymes (166, 167, 594).
4. When a chain of enzyme reactions forming a biosynthetic pathway is
under repressor control (Fig. 14a) by its end-product (P), inhibition of an early
enzyme (E x) of this pathway by an antimetabolite (Αλ: e.g., by feedbacklike
inhibition; A x might resemble Ρ in this respect but should not share the re
pressor effect of P) will lead to a decrease of the concentration of the endproduct (Fig. 14b). Hence, de-repression leading to de novo synthesis of the
enzymes E x 2, . . .n, may follow. The increase in amount of enzyme (E^, which
is the target of Alt then tends to abolish the latter's action. By exposing the
cells simultaneously to a second antimetabolite (A 2) which requires conversion
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to its active form (A2) by an enzyme (E 2) acting further in the sequence than
E 1? the increased amount of E 2, formed in the course of overcoming the inhi
bition of A 1? may now convert more of A 2 to its active form (Fig. 14c) and thus
make the cell increasingly sensitive to this second drug (496a). By choosing a
proper combination of two antimetabolites a gain in differential toxicity might
result. However, much more biochemical research is needed to reveal those
metabolic transformations in tumors on which an appropriate combination of
drugs may be selected.
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