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Design of Bioactive Compounds
1. Introduction

This paper deals with the design of bioactive compounds including drugs, food
additives, pesticides, industrial chemicals, etc., in general, all foreign compounds
to which biological objects — man, animals, and plants — may be exposed.
Nutrients are excluded unless used in nonphysiological dosages or administered
by a nonphysiological route. The word “pharmacon” {Greek pappakor, mean-
ing “active principle”) is used to indicate these bioactive compounds.

The exposure of living organisms to pharmaca involves both desirable and
undesirable effects. The term “internal pollution™ is used to describe interactions
between pharmaca and living systems that operate to the disadvantage of man.
Internal pollution is generally a result of external pollution, including improper
use of drugs, food additives, etc. The determinant is the balance between ad-
vantage and disadvantage. The primary goals in the design of new pharmaca are
therefore optimization of desired effects and minimization of undesired effects.

The word “design” stands for the efforts to reach these goals on as rational
a basis as possible, which implies that the trial-and-error factor must be reduced
to the feasible minimum. It involves modulation of the blologlcal actions of
particular agents by molecular manipulation!?. This requires a certain insight
into the relationship between structure and action, or better still, into the rela-
tionship between the physicochemical properties of the agents concerned and
their biological actions, both desired and undesired. The discipline involved in
the design of pharmaca on this basis can be called “pharmaco-chemistry”.

1.1. Bioactivity with the Emphasis on Toxic Actions

The results of exposing biological objects to pharmaca can include:

A) Quick passage of the compound through the biological object without af-
fecting its function.

B) Accumulation, possibly sequestration, of the compound in the biological
object without affecting its function.

C) Induction in the biological object of reversible and therefore temporary
effects, which disappear with the elimination of the compound. Most
therapeutic effects of drugs and many of their side-effects belong in this
category.

D) Induction of irreversible changes in the biological object by a reversible
interaction with the pharmacon, such that the effect continues even after
the drug is totally eliminated. An example is abnormal embryonic develop-
ment due to early intrauterine exposure to hormones.

E) Induction of itrreversible changes in the structure of essential cell constituents
as a result of exposure to the pharmacon. This implies a certain degree of
chemical denaturation of these cell constituents indicated as “chemical
lesions™> 4 2%

Chemical lesions can be differentiated as follows:
a) chemical interactions between the pharmacon or its metabolic product(s)
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and cell constituents such as DNA, RNA and proteins with covalent bond

formation 513> 165, 168,170, 172).

b) chemical changes induced in the cell constituents by peroxides formed
during the process of pharmacon metabolism. This implies that chemical
changes occur in the cell constituents but without forming chemical bonds
with the pharmacon or its metabolites!® 15, 16%);

¢) incorporation of the pharmacon or its metabolite(s) into the cell constituents
as metabolic but afunctional analogs. This process, known as lethal synthe-
sis1® 98), is not uncommon in the action of antimetabolites.

Reversible interaction with the biological object results in pharmacody-
namic effects which, in certain circumstances, may be undesired and therefore
must be classed as toxic. Chemical lesions, with very few exceptions, are classed
as definitely toxic.

The toxic effects due to chemical lesions include:

a) carcinogenesis, involving chemical lesions in DNAS—13, 103, 168,170).

b) mutagenesis, also involving chemical lesions in DNA7~20, 81,104,167, 168, 170),

¢) teratogenesis, caused by disturbed cell proliferation due to chemical lesions
during embryogenesis2! —23,82);

d) possibly accelerated aging, caused by an increase in the error frequency in
nuclear DNA25:29);

e) allergic sensitization, producing chemical lesions in proteins that cause them
to act as allergens27—31. 161},

f) cell degeneration and necrosis, due to chemical damage to the membranes
of lysosomes or to essential enzymes20 3236 44, 105,166},

g) photosensitization, involving formation of reactive products by radiation of
the pharmacon or its metabolite(s) causing local chemical lesions or the
formation of allergens>®: 37-40: 106),

h) chemical lesions which, if restricted to parasites such as pathogenic micro-
organisms and cancer cells, may be advantageous to the host.

Regeneration processes, such as substitution of denaturated enzymes by
enzyme synthesis and mechanisms for the repair of DNA, can sometimes render
the effect of the chemical lesion transient. On the other hand, taking into
account the essentially irreversible character of chemical lesions, there is a
tendency for the effect to be cumulative. This accumulation is one of the
main factors in the long-term toxicity of cancerogenic and mutagenic agents.

1.2. Main Phases in Biological Action

Three important phases can be distinguished in the action of pharmaca:

a) the exposure phase, or pharmaceutical phase;

b) the pharmacokinetic phase;

¢) the pharmacodynamic phase (see Fig. 1)4! =43 50),

a) The exposure phase, or pharmaceutical phase, comprises, for instance, the
processes involved in the disintegration of the form in which the agent is ad-
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ministered and the dissolution of the active agent in the case of therapeutic
tablets, spreading in the case of pesticides, retention in the case of exposure
to air pollutants, etc. The fraction of the dose availabie for absorption is a
measure of pharmaceutical availability or the efficacy of exposure. When
taking the time course of the events into account, the term *“pharmaceutical
availability profile” 41~43) can be used. This profile depends on the formula-
tion, the route of administration, and the dosage regimen.
b) The pharmacokinetic phase comprises the processes involved in the absorp-
tion, distribution, excretion and metabolic conversion of the pharmacon. The
fraction of the dose that reaches the general circulation is a measure of the
biological availability. The relationship of time to the plasma concentration is
calied the “biological availability profile” and that of time to the target-tissue
concentration is the “physiological availability profile”#!1~43. Preparations
of equal bioavailability may differ completely in bioavailability profile and
hence in efficacy.

Due to possible differences, especially in pharmaceutical availability, the
fact that drug preparations have chemical equivalence — equal contents of
active agent — in no way guarantees biological equivalence #5—48. 66, 67), This

nonequivalence is manifested in differences in the biological availability profile.

¢) The pharmacodynamic phase covers the processes involved in the interaction
of the pharmacon and its molecular sites of action (receptors) with the conse-
quent induction of a stimulus, as well as the sequence of biochemical and bio-
physical events thus initiated, which finally results in the effect observed. The
specific characteristics of the pharmacodynamic phase for particular types of
drugs thus provides a classification based on their mechanism of action. The
time-effect relationship, however, depends mainl?/ on the bioavailability profile

and the pharmaceutical availability profile #!~43).

1.3. Structure and Action

The processes that underlie the various phases in the action are both chemical
and physicochemical in nature. The relationship between chemical structure
and the effect induced in the parmacodynamic phase of drug action is charac-
teristic for the particular mechanism of action and thus for the type of effect
and the type of pharmacon involved. This is not the case for the relationship
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between chemical structure and the various processes involved in the pharmaco-
kinetic phase. This relationship depends much more on the general chemical
characteristics of the compounds involved. Whether a compound will be hydro-
lyzed by particular esterases does not depend in the least on whether it is a
curariform agent, an anticholinergic, a local anesthetic, an insecticide, a weed-
killer, or a plasticizer, but chiefly on the presence or absence of a suitable ester
group in the molecule. The relationship between structure and absorption,
distribution, and excretion (as far as passive transport processes are involved)
depends mainly on the overall physicochemical characteristics of the com-
pounds in question, e.g. the partition coefficient.

The chemical properties and hence the chemical structure of a compound
definitely determine its participation in the partial processes making up the
various phases of action. The relationship of structure to action is therefore a
fundamental characteristic of the action of pharmaca. The apparent absence
of such a relationship can only be due to deficient methods of investigation
and to the multiplicity and complexity of the processes involved. The “struc-
ture-action” relationship will be found to emerge more clearly if it is studied
with regard to particular part-processes such as those involved in pharmacon
metabolism, in pharmacon distribution, and in pharmacodynamics. Such a
study involves the use of simple, isolated test systems.

Efforts to detect the structure-action relationship usually emphasize the
significance of particular moieties in the pharmacon molecule for particular
aspects of its action* 2> 49~51), Chemical modification of the structure of a
bioactive compound in efforts to modulate its action in practice always involves
changing particular moieties in the molecule!- 2 43, 49-51) for instance by
substitution®2~59).

1.4. The Design Procedure

The main phases in the action of pharmaca, as outlined above, are reflected in
the design procedure. It starts with the recognition of or search for compounds
having a particular tyve of pharmacodynamic action that is of potential use.
These compounds then serve as pointers to the development of agents capable
of inducing the desired type of effect with a proper time-effect profile and
without undesirable effects. This profile and hence the biological availability
profile and in turn the pharmacokinetics should be taken into consideration at
an early phase of the design procedure. This implies that, if possible, not only
the chemical modifications (Jow dose, high response) aimed at optimizing the
compound in the strictly pharmacodynamic sense, but also modifications aimed
at inducing the required pharmacokinetics must be taken into account. Modula-
tion of pharmacokinetics may perhaps contribute to the modulation of the
pharmacodynamic actiofi as such. For instance, chemical changes that prevent
penetration of the compound through the blood-brain barrier will prevent or
eliminate actions affecting the central nervous system. Finally, formulations
must be designed to optimize the dose-effect profile.
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The possibilities and limitations of the design of bioactive compounds will
now be discussed against the background of the three main phases of action.
Various relevant aspects of the modulation of the pharmacodynamics and
pharmacokinetics are considered.

2. Pharmacodynamic Aspects of Design

2.1. Biochemistry as a-Source of Leads

One of the rational approaches in the design procedure is to search for new
leads in the field of biochemistry and pathochemistry or, in general, to study
the fundamental processes of life. This approach has been rather productive

in the field of hormones, including plant hormones (auxins) and neurotransmit-
ter substances, and has led to the development of compounds serving as sub-
stitutes for or as antagonists of the biological agents. The development of
pheromones (insect lures) and of insect hormones opens up interesting perspec-
tives. The increasing insight into the biochemical processes involved in the
propagation of genetic information and the regulation of enzyme synthesis
offers further possibilities, for instance, for designing analogs of repressor and
derepressor agentsl).

The tremendous number of metabolic inhibitors developed in the past few
decades is impressive. Thousands of analogs of substrates and intermediate
products of the various biochemical pathways have been developed and
tested®7 %9, They include compounds that act as competitors or that
mimic the parent compounds not only as substrates, but also in the sense
of inhibiting or stimulating feedback. The metabolic inhibitors are most use-
ful tools in biochemistry. This approach, however, has resulted in agents suit-
able for practical application in only a few cases. As examples we can cite the
organic phosphates and carbamates used as pesticides, and certain acetylcholine-
esterase inhibitors and monoamine-oxidase inhibitors used as drugs. Besides the
term metabolic inhibitors, the term antimetabolites is often used in relation to
the design of structural analogs of substrates for enzymes (metabolites) and also
in relation to analogs of vitamins, hormones, neurotransmitter substances, etc.
It is sensible to restrict the terms metabolites and antimetabolites to metabolic
substitutes (parametabolites) and the corresponding metabolic inhibitors (anti-
metabolites) and to use specific terms for other substances, i.e. hormones,
hormonoids, and antihormones; vitamins, paravitamins and antivitamins;
adrenergic and cholinergic neurotransmitters, adrenergic and cholinergic agents,
and adrenergic blocking and anticholinergic agents; etc. In general, functional
analogs capable of substituting for the biological product may be called mi-
metics and compounds acting as their competitive antagonists lytics®®).

2.1.1. Metabolites and Antimetabolites

Often there is a clear chemical relationship between the metabolite and its
antimetabolites. Substitutions close to the group involved in the enzymatic
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conversion of the substrate or metabolite often result in antimetabolite proper-
ties. a-Alkyl or ortho-alkyl substitution in esters, amines, amino acids, etc.
usually results in compounds that are resistant to and act as inhibitors of the
enzymes concerned (Fig. 2). A special class of antimetabolites is the “active-
site directed” irreversibly blocking agents®® 7). These are substrate analogs
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Fig. 2. Introduction of protecting groups resulting in compounds acting as enzyme

inhibitors

with alkylating or acylating moieties in a position such that they are capable
of forming irreversible covalent bonds with groups on the enzyme in the neigh-
borhocd of the active site (exo-alkylation) or with groups constituting the ac-
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tive site (endo-alkylation)®®. The substrate molecule in this case serves as a
moiety directing the alkylating groups to the target enzyme.

Why then, since such an abundance of metabolic inhibitors is available, do
so few of them find practical application? Examples are the folic acid reductase
inhibitors, such as aminopterin, the purine and pyrimidine analogs used as
cytostatics in cancer chemotherapy and known for their high toxicity in a wide
variety of species, and the organic phosphates and carbamates used as insecti-
cides but also highly toxic to mammals. Lack of selectivity in the action of
metabolic inhibitors is inherent in their mechanism of action due to the uni-
versality of biochemical processes and principles throughout nature. Selectivity
in action requires species differences in biochemistry. For the antivitamins, for
instance, there is not only a lack of species differences in action; in addition,
the fact that vitamins often serve as cofactors for a variety of enzymes is a
serious drawback to endeavors to obtain agents with species-selective action.

2.1.2. Antimetabolites with Selectivity in Action

The selectivity in action of certain useful anti-infectious agents, such as the
sulfanilamides (para-amino benzoic acid antagonists) and the penicillins, is
based on species differences. Para-amino benzoic acid serves as a precursor for
folic acid synthesis in micro-organisms, while higher animals use folic acid itself
as a vitamin; penicillin interferes with the synthesis of the cell walls which are
required by micro-organisms but do not exist in higher animals. There are
interesting efforts to develop selective antibacterial agents by C-fluorination
of bacterial cell-wall constituents such as D-alanine”3). In an analogous way
selective insecticides may be developed that act by inhibiting chitin synthe:
sis”®. Analysis of the enzyme systems involved in the anaerobic metabolism
of various intestinal parasites and pathogenic micro-organisms, especiaily the
obligate anaerobic ones, opens up prospects for the development of agents
that act selectively against such organisms’>> 7.

Although, as mentioned, the biochemical pathways throughout the world
of living things are rather similar, a closer analysis does show differences. The
enzymes involved in identical biochemical conversions in different species or
even tissues, although isodynamic, differ in structure, as can be shown immuno-
logically. They are called iso-enzymes. This situation is comparable to that of
the various hemoglobins where the heme moiety, the active site, is identical in
different species but the globin moiety differs. These differences very seldom
interfere with the binding of oxygen to the hemoglobin. Similarly in isodynamic
enzymes of various species or various tissues, although the active sites are prac-
tically identical, the areas on the enzyme surface surrounding the active site
may differ. Blocking agents that bind not only to the active site, but also to
the surrounding accessory binding areas may show species selectivity because
of structural differences in these areas. Hitchings, using folic acid reductase of
bacterial and mammalian origin, succeeded in developing selective inhibitors
on the basis of such differences (Fig. 3)7"> 78),
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2.1.3. The Point of Attack in the Metabolic Pathway

Metabolic inhibitors may fail even where no species selectivity is required. The
antimetabolite A4 s-cholestenone, designed to inhibit cholesterol synthesis,

illustrates this: it blocks the conversion of desmosterol to cholesterol, the final
step in this pathway (Fig. 4). The blockade of cholesterol formation, however,

The action of some inhibitors

of cholesterol biosynthesis

3-acetyl coenzyme A
acetoacetyl coenzyme A+acetyl coenzyme A

3-hydroxy -3 -methylglutaryl coenzyme A

(HMG CoA)
HMG CoA reductase—|<fr—m———m——————————— 1
rate -~ limiting step :
i
mevalonic acid )
<— heyahydrofarnesoic_acid
overflow  5-phosphomevalonic acid !

metabolized <=7 atromid
5-diphosphomevalonic acid

]
end- product
<~ estrogens feed-back

isapentyt pyraphosphate inhibition
3,3-dimethylallyl- pyrophosphate
geranyl pyrophosphate —sgeranic acid
farnesyl pyrophosphate f-—>farnesoic acid
squalene
lanosterol
zymosterol
desmosteral

le—MER 29, chole’stenonem'5

(e e o . o

overflow cholesterol == === — - —————
accumulation

results in elimination of the feedback control which is normally performed by
cholesterol’®. The consequence is unrestricted formation of the intermediate

desmosterol, which tends to override the blocking agent and accumulates in
the tissues!” 80> 88)
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Compounds designed to modulate regulation in metabolic pathways should
preferentially act on the enzyme involved in the rate-limiting step, which is as
a rule the regulatory enzyme controlled by the feedback mechanisms. This is
often the first step after branching in a biochemical pathway. Other potential
modulators of biochemical processes, besides blockers of the rate-limiting
enzyme, are mimetics or antagonists for the feedback regulators acting on
allosteric sites on this enzyme. Here too, the capability to mimic or antagonize
repressor and derepressor agents involved in the regulation of enzyme synthesis
opens up prospects. The rapidly growing insights into the regulatory processes
in biochemistry will point the way to new and appropriate modulators of bio-
chemical pathways.

2.2. Screening of Natural Products and Synthetics for Bioactivity

Many drugs have evolved from the identification of biologically active natural
products and from the biological screening of chemicals in general, especially

of chemical compounds with new and unprecedented structures, e.g. the various
curariform muscle relaxants, the atropine-like anticholinergic agents, and the
various local anesthetics originating from cocaine. The degree of success achieved
by random screening of chemical compounds depends largely on the relevance
and the scope of the test systems used?).

2.2.1. Separation of Therapeutic Action from Unwanted Action

Once a suitable type of bioactivity is recognized and the active principle has
been chemically identified, optimization must follow. This involves among
other things elimination of unwanted actions, if present, by chemical manipula-
tion, If the pharmacodynamic basis of the side-effects differs from that of the
desired effect, there is a good chance of separating them, since the difference

in mechanisms means that the physicochemical properties of the molecule

that produce the one and the other effect may differ sufficiently®). If the
desired effect and the side-effect have the same pharmacodynamic nature,
which implies that they are induced by identical pharmacodynamic mechanisms
(e.g. the inhibition of salivary secretion, mydriasis, and the inhibition of gastric
motility by anticholinergic agents), separation of the effects is problematic.
Incidentally, ophthalmologists will consider inhibition of salivary secretion as

a side-effect and mydriasis as the therapeutic effect, while for specialists in
internal medicine inhibition of salivary secretion may be the therapeutic effect
and mydriasis the unwanted side-effect. This underlines the relativity of the
terms therapeutic effect and side-effect. In some cases the main effect and the
side-effect are induced by different molecules, namely the drug administered
and one of its metabolites. Strictly speaking, every drug effect must be regarded
as an undesired effect in a healthy patient or in a patient who receives the drug -
on a wrong indication.

12
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2.2.2. From Side-effect to Therapeutic Effect

The unwanted side-effects of drugs can be a productive source of leads to new
compounds. The evaluation of side-effects for their possible use in therapeutics

has made a substantial contribution to our therapeutic arsenal. The various

phenothiazine-type tranquillizers, for instance, are derived from the originaily
undesired sedative side-effect of promethazine, a phenothiazine-type antihista-
mine. Further incidental observations led to a large family of phenothiazines

and related drugs (Fig. 5).

Swe
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1 | |
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Fig. 5. Genealogy of various psychopharmaca
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Fig. 6. Drug side-effect as tead in drug design

The monoamine-oxidase inhibiting type of antidepressants originated from
the unexpected central-stimulating effect observed with the tuberculostatic iso-
niazid. In the preclinical study of a series of new anti-infectious sulfanilamides,

a convulsive effect was observed. An analysis of this unwanted side-effect showed
that the convulsions were due to hypoglycemia induced by the anti-infectious
sulfanilamide. This hypoglycemic action was recognized as potentially useful
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in the treatment of diabetes®3785). Via antidiabetics with the original anti-
infectious action as a side-action (carbutamide) this lead resuited in the develop-
ment of pure oral antidiabetics (tolbutamide) and subsequently a range of
related, short- and long-acting, weakly and highly potent antidiabetics (Fig. 6)").
Various drugs, now highly appreciated, have originated from following up
“unwanted” side-effects.

2.3. Bioactive Drug Metabolites

Another interesting source of leads in the design of new drugs is the study of
pharmacon metabolism. In many cases it is not, or not only the chemical com-
pound administered as such, but its metabolites that appear to contribute to
the effect. The agent used is then in fact a pharmacogen or pro-drug. A classic
example is prontosil rubrum, an anti-infectious agent, active in vivo in mice
but devoid of antibacterial action in the test tube. It was not prontosil rubrum
itself but its metabolic product generated in the mice, sulfanilamide, that ap-
peared to be responsible for the anti-infectious action. Sulfanilamide then
served as the mother compound for a wide variety of anti-infectious sulfanil-
amides and sulfones. Since the study of pharmacon metabolism has become a
normal part of preclinical and clinical investigation, the phenomenon of bioac-

: bioactivati
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T $—oxidation It
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Fig. 8. Selectivity in weedkillers based on selective bioactivation

16



Design of Bioactive Compounds

tivation has been found to be not at all uncommon. Indeed, there are now
various drug metabolites used as drugs, or as leads for the design of new drugs
(Fig. 7)1 86:87),

Bioactivation can be exploited to obtain selectivity in action. In the field
of insecticides, bioactivation in the plant, known as systemic action, is the
means used to obtain selectivity in action. Thus, only insects feeding on the
sprayed plants will be affected3? 111), Similarly, selectivity in the action of
weedkillers may be based on selective bioactivation in the target plant®% °1: 142)
(Fig. 8).

2.3.1. Biotoxification

Pharmaca can also be converted metabalically to toxic products in mammals.
Special attention must therefore be given to the study of the processes involved
in biotoxification since an understanding of these processes may indicate how
to avoid toxic action by correct molecular manipulation.

Where toxic effects are based on chemical lesions, the identification of the
chemically reactive molecular species involved requires special attention. Phar-
maca as drugs, food additives, food contaminants, etc. are relatively stable chemi-
cally, otherwise they would decompose before entering the biological object
and reaching their sites of action. The biological alkylating agents used as cyto-
statics in cancer chemotherapy are an exception in this respect. The pharmacon
metabolites that are excreted are also relatively stable chemically. Then where
do the chemical lesions originate? In pharmacon metabolism, especially in oxi-
dative conversion by the microsomal mixed-function oxidative system, short-
lived reactive intermediate products occur, for example the electrophilic epox-
ides, compounds with biologically alkylating capacities formed in the process
of aromatic ring oxidation (Fig. 9)10- 11, 13,22,168,172) N.oxides and hydro-
xylamines are intermediate products in the oxidation of amines. Hydroxyl-
amines may, after conjugation with e.g. sulfates, form reactive electrophilic
products with biological alkylating capacity (Fig. 10)7—9> 11,12, 15,170) The
electrophilic intermediate metabolic products tend to bind with critical cell
constituents, such as proteins and nucleic acids, and to form covalent bonds
by attack on nucleophilic groups such as SH- and in particular NH, -groups.
The action radius of the reactive intermediates depends on their half-life and
thus determines the localization of the chemical lesions. Products with highly
reactive electrophilic groups will react with the water that is present in abun-
dance.

Species differences with regard to various toxic effects based on such
chemical lesions and their localization in particular tissues are understandable
on basis of species and tissue differences in the capacity of metabolizing phar-
maca. The pharmacon under these circumstances acts as a toxogen (compare
pharmacogen). It may be emphasized that, although the microsomal mixed-
function oxidative system in the liver cells is generally considered to be a de-
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toxification system, it too often acts as a toxification system, generating very
troublesome toxic effects.

The true detoxification products as a rule appear in the urine, while the
reactive intermediate toxic products remain in the body, tightly bound to tis-
sue components, and thus chemically sequestered in the tissues. From the toxi-
cological point of view therefore, it is not the percentage of the pharmacon
and its metabolites recovered from urine, feces, and from the carcass by extrac-
tion that is most important in balance studies; it is in fact the fraction of the
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compound which is chemically sequestered and therefore cannot be extracted
from the tissues. A recovery of 80% whithout any nonextractable residue in
the tissues is a better index of the long-term safety of a compound than is a
recovery of, say, 95% with a 2% chemically sequestered residue, which points
to induction of chemical lesions with all the likely consequences. Simple test
systems, such as tissue cultures, and fungal or bacterial cultures to detect pos-
sible carcinogenic or mutagenic action of pharmaca and of their metabolic
excretion products, therefore, are inadequate. Assuming that pharmacon me-
tabolism occurs at all in such test systems, it will probably differ from that in
man and mammals in that no intermediate products, or different ones, will be
involved. This means that the information obtained with these test systems is
not relevant unless the pharmaca are studied in host-mediated tests. The com-
pound is then given to a mammal (e.g. rat) and the plasma of this animal is
subjected to the test systems mentioned (Fig. 11)!8 92,93, 97)_ Another pos-
sibility is to introduce the bacterial or tissue cell culture into the peritoneal
cavity of a mammal and to study the influence of the compound on the test
system after it is given to the animal. Carcinogenic or mutagenic actions based
on the intercalation of polynuclear flat molecules in the DNA strand can be de-
tected by direct application to cultures of tissue or microorganisms, and even
with DNA in solution®®, since metabolic conversion is not necessary for

this type of action. For a number of highly potent carcinogens, such as the
polycyclic hydrocarbons, intercalating capacity is combined with conversion
to reactive epoxides; the consequence is that after intercalation the molecules
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Fig. 11. Cytogenetic effects of cyclophosphamide on hela cell culture!®)

become irreversibly fixed in position by covalent bonding. Thus intercalating
agents may be found to be much more carcinogenic in host-mediated tests than
in direct tests.

The cells involved in pharmacon metabolism, especially liver cells, contain
systems that detoxify the reactive intermediate pharmacon metabolites, e.g.
the enzymes glutathion transferase, which conjugates the electrophilic reactants
with glutathion, and epoxy hydrase, which converts epoxides to diphenols
(Fig. 9)22. 95, 96,165,172) Vitamin C is also a potential protectant in this
respect!9. Highly reactive intermediate products will, as mentioned, react
directly with the available water and thus be detoxified. Less reactive reactants
may be detoxified by the protective systems mentioned. The more stable inter-
mediates, still electrophilic enough to cause chemical lesions, may reach critical
enzymes in the cytoplasm, the DNA in the cell nucleus, or even cells and tissues
other than those in which they were generated, and develop their cytotoxic
actions there. Besides the chemical characteristics of the intermediates, which
determine their reactivity and distribution, the rate of formation is also an
important factor, since it determines the extent to which the protecting mecha-
nisms will be capable to control the situation. Pharmaca that hardly cause
chemical lesions under normal conditions may do so under circumstances of,
for instance, drug-induced enhanced drug metabolism (Fig. 12)3%: 99 101, 102, 166),
The presence of other agents depleting the glutathion pool or interfering with
the action of the enzymes engaged in protection enhances the risk of chemical
lesions. If one further takes into account that other agents may interfere with
the DNA repair mechanisms, it is readily understood that the chance that a
potential carcinogenic action will be detected depends on a variety of factors,
and that often the combined action of various co-carcinogens is involved.

As indicated in the introduction, chemical lesions are involved not only
in carcinogenic and mutagenic actions, but also in allergic actions, tissue damage,
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and local irritation. Design of drugs which are not metabolized via reactive inter-
mediates therefore seems preferable. For control of the type of toxic effects
considered, more insight into pharmacon metabolism is needed, especially as
regards the formation of reactive intermediates. In studies of chemical lesions
caused by radiation, a life-long cumulative tendency is seen, with an exponential
increase in risk with total load. There are various reasons why this might also

be true for chemical lesions induced by pharmaca. The cytotoxic actions of
radiation and of the electrophilic alkylating agents — radiomimetic agents — are
related. The “radiomimetic effects” of drug metabolism may indeed have to

be added to the known radiation effects. Clearly, this aspect of drug action and
hence of drug design calls for special care.

Glutathion acts as a natural protectant against the reactive intermediate
products of drug metabolism, which are then excreted as mercapturic acid
derivatives 165> 166, 171)_Treatment of experimental animals with high dosages
of suitable radioprotectants, e.g. cysteamine (radio-isotope-labeled) before
exposure to pharmaca suspected of causing chemical lesions may protect
against such lesions 3% 39). The nucleophilic radioprotectant can act as a scav-
enger of the electrophilic, biologically alkylating, intermediate products. These
will appear then in the urine as conjugates of the radioprotectant fixed to the
electrophilic group in the pharmacon metabolite. In this way, information
might be obtained on the metabolic conversions leading to the formation of
these toxic intermediate products. On basis of such information it would be
possible to modify the chemical structure of the pharmaca in such a way as
to avoid undesirable metabolic conversions together with the risk of the forma-
tion of toxic products. Thus, pharmacon metabolism should always be checked
as part of the design procedure.

2.3.2. Half-life of Pharmaca as a Function of Metabolic |nactivation Versus
Renal Excretion

Drug metabolism is not only a problem with regard to its involvement in
chemical lesions, it is also an important source of uncertainty when predicting
drug action in man on the basis of data obtained in animal experiments. This
is mainly because of species differences in pharmacon metabolism and conse-
quent differences in the rate and type of bioinactivation (detoxification) and
bioactivation (toxification). The same is true of patient-to-patient differences
in the dose required for a therapeutic effect, and in sensitivity to toxic side-
effects!07—110), Pharmacon metabolism is also a factor in the complications
that arise from drug interactions and the resulting complications of combina-
tion therapy12—115)_ This raises the question: “Is drug metabolism essential
for drug action?”

If bioactivation is involved in therapeutic action, the active metabolite or
a derivative thereof may be used as a drug, possibly with even more success.
Termination of drug action and consequent elimination does not necessarily
depend on pharmacon metabolism. Drugs are known that are practically not
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metabolized and yet still have a reasonable half-life and elimination rate. Elimina-
tion is determined from renal excretion, especially the degree of passive reab-
sorption from the renal tubuli. This in turn depends mainly on the partition
coefficient and the pK, of the compound. It follows that adaptation of the
half-life of a non-metabolized pharmacon can occur on the basis of adaptation
in the partition coefficient (lipid/water solubility) and the pK,. Even lipid
solubility of the degree required for action on the central nervous system is
compatible with a reasonable (e.g. 24 h) half-life, as can be concluded from
such drugs as fenfluramine, pimozide and pempidine. The half-life of many
drugs in use to-day is 3—7 h; this enforces a three-doses-a-day regimen, but
may well be prolonged to + 24 h to permit a one-dose-a-day regimen. The
majority of drugs are weak acids or bases so that in case of emergency, e.g.
an overdose, renal elimination can be speeded up by giving sodium bicarbonate
(alkalinization) or ammonium chloride (acidification), respectively 116118,
The question arises as to whether species differences also exist for passive
renal excretion processes. Indeed, some more or less systematic and therefore
controllable differences do exist. The urinary pH tends to be more acidic in
carnivores than in herbivores. Due to differences in the degree of ionization,
passive renal reabsorption of weak bases and acids thus will differ for the species
mentioned, but in a reasonably predictable way. Also the degree of binding of
the pharmacon to plasma albumin will influence the rate of renal excretion.
Here too, species differences are reported, but this parameter is accessible to
in vitro studies. Both protein-binding and passive reabsorption, factors that
determine the rate of renal excretion, are related to the partition coefficients
of the compounds!!?: 120} The half-life of various non- or pootly metabolized
sulfanilamides is strongly dependent on the partition coefficient, as can be seen
from Fig. 1312V,

T Lipid solubility
Protein % drug in Half-life
binding ethylene chloride man
Compound K, (%) at pH 7.4 (h)

Short-acting

Sulfathiazole 7.1 77 15.3 4
Sulfafurazole 4.9 86 4.8 6
Sulfisomidine 7.4 86 19.0 7
Sulfaethidole 5.6 99 6.2 7
Long-acting
Sulfamethyldiazine 6.7 85 69.6 35
Sulfamethoxypyridazine 7.2 90 70.4 37
Sulfamethoxydiazine 7.0 87 64.0 37
Sulfadimethoxine 6.1 99 78.7 40

Fig. 13. Physicochemical characteristics of sulfanilamides in relation to half-life.
After Struller! 21). Only slowly metabolized sulfanilamides are incorporated
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In attempting to reduce the risk of chemical lesions by avoiding pharmacon
metabolism, one assumes that the rate of elimination by drug metabolism is
negligible compared with the rate of elimination by renal excretion processes.
Further more, high potency of the compounds means that only small or very
small doses are involved and therefore only small or very small quantities of
metabolites can be formed, and so reduces the risk of chemical lesions. If
short-acting agents, i.e. pharmaca with short half-lives, are desired, one might
consider introducing moieties highly vuinerable to metabolic attack. A prefer-
entially hydrolytic decomposition of the compounds by plasma or liver esterases
should then lead to rapid inactivation, with the formation of metabolically
stable and rapidly excreted products. In vifro testing of the rate of hydrolysis
in plasma or mammalian liver preparations can yield useful information here.

If particular pharmacon transport forms are used to facilitate absorption or
modulate distribution? 4951 the requirement is for removal of the disposable
moieties introduced, usually by hydrolytic cleavage. If compatible with the
desired action as such, an increase in water solubility by introduction of e.g.
strongly ionized moieties into the pharmacon molecule may help to restrict
distribution to the extracellular space and thus prevent metabolic conversions.

In practice, the design procedure will always be a kind of compromise seek-
ing to corbine the desired biological activity in the target system or species
with a proper dose-effect profile and with selectivity in action, especially as
regards the avoidance of toxic side-effects.

2.3.3. Avoidance of Biotoxification in the Design Procedure

As discussed above, avoidance of drug metabolism to eliminate chemical lesions
and other consequences of drug metabolism is of particular interest in the design
of drugs. The fact that certain drugs are broken down into ten or more meta-
bolic products raises the question whether all positions at which the drug
molecule is changed have to be protected against metabolic attack. The chance
that the many adaptations to the chemical structure that would then be neces-
sary would be compatible with the desired action is vanishingly small. It is
becoming more and more apparent, however, that in cases where numerous
metabolites are formed, they often originate from one or just a few primary en-
zymatic attacks on the pharmacon molecule. For instance, in the organic amines,
the primary attack is very often on the amino group with formation of an N
oxide. Then, secondarily, non-enzymatic intramolecular rearrangements take
place in these N-oxide-bearing molecules, resulting in a variety of end products,
depending on the structural properties of the molecule concerned'?%). End
products that require the lowest activation energy for rearrangement will be
most abundant. In such a case the formation of various end products can be
avoided by blocking the initial enzymatic oxidation of the amino group. Similar
relationships hold for oxidations in aromatic rings, where a number of end prod-
ucts may be formed as a result of only one initial enzymatic oxidative attack,
via non-enzymatic rearrangements known as NIH shifts. In the course of the
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rearrangement processes free radicals and other chemically reactive intermediate
products prone to cause chemical lesions can be generated. Avoidance of the
initial oxidative step by suitable molecular manipulation implies avoidance of
the various sequential chemical conversions. In this respect one might consider
protecting e.g. phenyl rings against oxidative attack by suitable substitution,

for instance of fluorine’ %4 in para position. Allyl groups and other unsaturated
moieties suitable for epoxide formation must possibly be considered as suspect
and therefore undesirable. A greater problem will be the avoidance of N-hydroxyl
product formation. The analysis and systematization of the relationship between
chemical structure and pharmacon metabolism, especially with regard to the
formation of intermediates having the capacity to cause chemical lesions, must
supply the necessary fundamental information.

Pharmaca designed to be resistant to metabolic and especially oxidative
attack could be potential persistent environmental pollutants. Since, however,
the biological degrading capacity of the water and soil microflora is highly dif-
ferentiated, compounds stable enough to avoid biotoxification in mammals
and other animals may still be sufficiently vulnerable to microbiological attack.
Moreover, in the case of therapeutics, food additives and selective, e.g. phero-
mone-derived pesticides only relatively small quantities of substance are in-
volved.

If all drugs, even those that have long been on the market, were tested for
their potential contribution to carcinogenesis, mutagenesis, etc. with the newer,
more reliable test systems, a fair number of themr might be rejected. This would
give a strong stimulus to the design of a new generation of therapeutics, namely
those having built-in safety with regard to some of the most alarming toxico-
fogical risks.

3. Pharmacokinetic Aspects of Drug Design

In the foregoing sections, pharmacon metabolism has been considered in rela-
tion to the pharmacodynamic, especially toxic aspects of action. Drug distribu-
tion also plays a role in the pharmacodynamic phase of drug action. Modula-
tion of drug distribution, for instance, exclusion of penetration of particular
barriers in the organism {e.g. the blood-brain barrier), or preferential bioactiva-
tion or bioinactivation in particular tissues, can modulate the spectrum of action
of compounds and possibly exclude particular undesired effects.

With regard to the pharmacokinetic phase of action, a distinction can be
made between distribution over the various compartments or tissues, and the
time-concentration relationship in particular compartments. Modulation of the
pharmacokinetics by suitable molecular manipulation is important at an early
stage in the design procedure. Here a distinction can be made between the
modulation of the rate and possibly the site of bioinactivation or bioactivation,
and modulation of the distribution, including the rate of absorption and rate of
elimination.
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3.1. Modulation of Pharmacon Metabolism by Molecular Manipulation

In seeking to control pharmacon metabolism, special attention must be paid
to those moieties in the molecuie that are particularly vulnerable to pharmacon-
metabolizing enzymes: the various hydrolases, the mixed-function oxidases,
reductases, etc. The moieties concerned may be called vulnerable moieties.
Introduction of such moieties will result in a shortening of the half-life of the
compound and hence a shortening of its action. Stabilization or protection of
vulnerable moieties in the drug against metabolic attack will prolong the half-
life and thus increase the duration of action. The prevalence of particular
pharmacon-metabolizing enzyme systems in particular species or particular
tissues or compartments may be exploited to obtain compounds that are
selectively bioactivated in the target tissue or target species, or are selectively
inactivated outside the target tissue or in non-target species. This helps to in-
crease the therapeutic or safety margin. These ideas will be illustrated by a
number of examples.

3.1.1. introduction of Vulnerable Moieties
to Shorten the Half-life of Pharmaca

This procedure is followed to obtain short-acting pharmaca and to avoid cumu-
lative environmental pollution. With regard to drugs, the classic examples are

Rhort—acting curariform drugs C C

| Vulnerable moieties.

Suxamethonium
hydrolysed by esterases

Pancuronium AH 8165
hydrolysed by esterases reduced by liver enzymes

Fig. 14. Introduction of vulnerable moieties to obtain short-acting compounds
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the muscle relaxants used in general anesthesia to provide optimal conditions
for surgical procedures. The requirements are rapid onset of action to permit
immediate intubation and short-lasting action obtained by introduction of a
vulnerable moiety, so that the degree of muscular relaxation is easily controlled
and any muscle relaxant action is excluded during the postoperative period. In
the short-acting muscle relaxants, suxamethonium and pancuronjum, carboxy-
-ester groups are the vulnerable moieties that make the compound sensitive to
rapid bioinactivation by plasma esterases. In the short-acting muscle relaxant
AH 8165, an azo-moiety vulnerable to reduction by azo-reductase in the liver
serves this purpose (Fig. 14)*2712%), Similarly, there has been a search for
intravenous anesthetics with a short duration of action to be used for short-
lasting intravenous general anesthesia. A short-acting anesthetic based on rapid
redistribution and uptake in body fat has the disadvantage that the recovery
period after anesthesia lasts longer. Therefore, ultra-short action based on
metabolic degradation is preferred. The ultra-short acting intravenous anesthetic,
propanidid, was derived from a slower-acting compound by introduction of a
carboxyl ester group; rapid hydrolysis by carboxy-esterases unmasks a free
carboxylic group, which ensures rapid inactivation. The same applies to the
intravenous anesthetics, etomidate and proxamate (Fig. 15)123-126),

3.1.2. Switching from “’Hard"* to “Soft” Pollutants

Introduction of vulnerable moieties is becoming standard procedure for prevent-
ing the accumulation of pollutants in biological systems. The classic example

0-C

C-C
7 /
c-c-C~40-ChC 0-C—C-N
7 1\
/ 0 Cc-C
A

propanidid

R

C-C- etomidate

C-C—C—  propoxate

ez .
/é Vulnerable moiety

Ultra—short acting intravenous anesthetics

Fig. 15. Introduction of vulnerable moieties to obtain short-acting compounds
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is the “soft” detergents, obtained by substitution of a metabolically vuinerable
straight alkyl chain for the biodegradation-resistant branched alkyl chain in the
“hard” detergents (Fig. 16)!39). The insecticide DDT, notorious for its strong
tendency to accumulate in biosystems, is highly lipid-soluble and resistant to
metabolic degradation; the introduction of suitable vulnerable moieties results
in biodegradable insecticides that are therefore less damaging as environmental
pollutants. A complicating factor here is the resistance of various insect strains
to DDT, due to their enhanced capacity for dehydrochlorination by which the
insecticide is converted to an inactive but, as far as environmental pollution is
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concerned, still highly persistent metabolite. The answer to this problem lies in
the elimination or stabilization of the vulnerable moiety involved in the develop-
ment of resistance. DDT might also be applied in combination with inhibitors
of the enzyme dehydrochlorinase involved in its bioinactivation. Figure 17
illustrates these principles'3!* 132). In the compound Holan IX the vulnerable
moiety involved in the development of resistance is eliminated and vulnerable
moieties are introduced to prevent cumulative environmental pollution. This
compound is now so vulnerable to the biodegrading capacity of insects that,

in order to be effective, it has to be combined with a general inhibitor of insect
mixed-function microsomal oxidation systems, such as the compound sesamex.

3.1.3. Efimination or Stabilization of Vulnerable Moieties

This procedure is applied in order to obtain compounds with a more prolonged
action or to avoid resistance based on rapid biodegradation in the target object.
The elimination of the trichloromethane group from DDT to exclude resistance
based on an increase in the dehydrochlorinase capacity of the resistant insects
is an example of elimination of a vulnerable moiety. The resistance of'the peni-
cillins to peniciilinase, an enzyme that plays an important role in the resistance
of staphylococci to penicillins, is based not on elimination of the vulnerable
amide function in the -lactam ring, but on stabilization of this configuration.
This effect was obtained by introducing substituents into the penicillin side-
chain, which apparently hindezs the enzyme penicillinase in its approach to the
vulnerable moiety (Fig. 18)! 36)

A rather common procedure is to introduce, close to the moieties vulnerable
to biochemical attack by hydrolases, substituents that induce steric hindrance
(Fig. 19)!3 3-135) 1p a similar way alkyl substitution on the a-carbon atom
appears to be effective in protecting compounds against biochemical oxidative
attacks on amino groups, alcoholic OH groups, etc. (Fig. 2). Steric hindrance,
as well as the absence of protons on the carbon atom next to the group normally
involved in the oxidation, can play a role here. Introduction of a-substituents
often changes the substrate (metabolite) to an antimetabolite, a competitive
inhibitor of the enzyme converting the substrate concerned. Fig. 2 gives examples
of the stabilization of vulnerable moieties by a-methyl substitution. Substitution
of the vulnerable para-methyt group in oral antidiabetics by more stable groups
(Fig. 20) resulted in substantial prolongation of the half-life.

Of current interest are endeavours to protect prostaglandins against rapid
bioinactivation through stabilization of the vulnerable moiety, the OH group
in position 15, by methyl substitution on the carbon atom 15. The procedure
is so effective that differences are found in the spectrum of actions of the two
optical isomers (Fig. 21137141 1t is important to be aware that under normal
conditions the concentrations of relatively short-lived natural biologically active
compounds, such as acetylcholine and the prostaglandins, vary very strongty
with the state of activity of the organism. Substitution for the natural products
of more stable mimetic agents cannot reproduce the natural harmony achieved
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R, C Introduction of Relative rate of
| +/ stabilizing moieties hydrolysis
C“ﬁ_O—(':"C“N“C R, R, (acetylcholinesterase)
(6] Rz
Acetyicholine ~H -H 100
L { t+)-—acetyl-B~methyicholine -C -H 54.5
p (—)—acetyl—-8~methylcholine  —H -C Inhibitor
(a)
Introduction of Relative rate of
stabilizing moieties hydrolysis
R R, (human serum)
}l(, /C—C —-H -H 500
0 R ¢ -C ~C 0
(1) . .
Introduction of Relative rate of
stabilizing moieties hydrolysis
Ry R, * (horse serum)
Ry c “H -H 100
C—-0~-C—-C-N -H -C 65
il \C
R, —-C -C 0
(c)

Fig. 19. Stabilization of vuinerable moieties by alkyl substitution adjacent to the vulner-
able moiety, also called packing of the vulnerable moiety. (a) After Beckett! ; (b) after
Levine and Clark!3%); (c) after Thomas and Stoker!35

by the continuously fluctuating release of short-lived natural compounds. Sub-
stitution for acetylcholine of acetylcholinomimetics (e.g. decamethonium or
suxamethonium) will not enhance normal muscular function; on the contrary,
after initial twitching of the muscle fibers, the muscle is paralyzed. With metha-
choline, contraction or spasm of the intestinal smooth muscle can be induced,
but not peristalsis. If enhancement of function is the aim, a better approach is
to introduce inhibitors of the enzymes involved in the rapid elimination of the
natural substances. In myasthenia gravis or intestinal paralysis, for example,
acetylcholine-esterase inhibitors are preferred to cholinomimetic agents. Simi-
larly, instead of developing mimetics of prostaglandins, it might be better to
look for inhibitors of the enzyme 15-hydroxy-prostaglandin dehydrogenase.
The effects of the 15-methyl-substituted prostaglandins might be partially based
on such an enzyme inhibition.
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Fig. 20. Conversion of short-acting oral antidiabetics to longer acting compounds by
substitution of the vulnerable moieties by stable groups
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prostaglandin 15—~OH dehydrogenase
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Fig. 21. Introduction of a stabilizing moiety and a facilitating moiety in prostaglandin PGE,.
{From: Karim, S. M. M. et al.137).]
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3.1.4. Introduction of Moieties Suitable for Selective Bioinactivation
or Selective Bioactivation

As mentioned, drug metabolism may result in a loss of action with consequent
bioinactivation, or in the formation of bioactive, possibly toxic products. Dif-
ferences in the metabolizing capacity of various organs or of various species,
possibly based on differences in the enzyme content, can serve as a basis to
obtain selectivity in action. Local anesthetics should act locally, namely at the
site of injection, by blocking the propagation of nerve pulses there. However,
if these compounds reach the central nervous system in active concentrations,
they cause toxic symptoms, mainly convulsions. This is especially likely when
such compounds are abusively injected intravascularly. The introduction of

a carboxy ester group {see tolycaine, Fig. 22) or destabilization of the amide
group (see butanilicaine, Fig, 22) results in compounds which are less toxic

C
/C—~ C
N~ ("‘— C——N\
¢ C—C
Lidocaine

stable local anesthetic

c
N-—C!——C——N —C4-C—N—C—C—C—C

Z o]
o=

A7y { AN Y

c=ohc o c—c 2y

7

QO

Tolycaine Butanilicaine

introduction of the vulnerable destabilization of the acylamide group
moiety implies rapid bioinactivation implies rapid bioinactivation once
once general circulation is reached general circulation is reached

Fig. 22. Introduction of vulnerable moieties to avoid systemic actions in drugs locally
applied

because they are rapidly inactivated by plasma and liver esterases and amidases,
respectively, after reaching the general circulation, In a similar way, where cyto-
static agents have to be used for regional perfusion of certain body areas by
extracorporeal circulation systems, carbamide groups are introduced so as to
ensure rapid degradation and inactivation if the drug leaks into the general
circulation. The tissues in the region perfused (e.g. the extremities) have a

very low amidase capacity; thus, the general toxicity of the cytostatic is greatly
reduced.
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The capacity of carboxy esterases and amidases to hydrolyze carboxy esters
and amides, respectively, is higher in mammals than in insects. This fact formed
the basis for the development of selective insecticides of the organophosphate
type. Organophosphates are inhibitors of acetylcholine esterase, an enzyme es-
sential for the functioning of the nervous system, both in mammals and insects.
If suitable carboxy ester or carboxy amide groups are introduced into the
organophosphates, the resulting compounds are rapidly hydrolyzed in mam-
malian tissues and hence inactivated, whereas in insect tissues inactivation
takes place rather slowly. This ensures rapid detoxification in the economic
species, man and higher animals, and thus selectivity in action (Fig. 23)%%.

CH,0 oxidative

\P%S bioactivation CH3O\P/O
/N ; N
CH,0' 'S—CH CH,—CH, insects oy 6" “S_cH H,—CH,
mammals
CH CH,—CH, CH, CH,—CH;
malathion malaoxon
weak ACh—esterase inhibitor potent ACh—esterase inhibitor

hydrolytic bioinactivation by esterases
especially in mammals

O
CH3O\ ¢S CH§0\ 4
A A
CH,0 S—CH—(IZI—OH CH;O S—CH~ﬁ~OH
O (0]
CH2*ﬁ~O—CH2—CH3 CHz—ﬁ—O—CHz——CH3
O
inactive product inactive product

Fig. 23. Malathion: highly toxic to insects, less toxic to mammals. Note: the high capacity
to hydrolyse the carboxy ester moiety in mammals as compared to that in insects results
in a selective toxicity for the latter

The reverse situation — selective bioactivation in the uneconomic species —
is realized in the selectively acting weedkillers of the phenoxybutyric acid type
(Fig. 8). The butyric acid derivatives, as such, are inactive; they have to be
converted by f-oxidation to the corresponding phenoxyacetic acid derivatives,
which have the required auxin and hence weedkiller action. Since plant species
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differ in their capacity for this f-oxidation, selectivity in action can be obtained.
Brassica species, e.g. carrots and celery, and leguminosae, e.g. peas and lucerne,
have a very low f-oxidative capacity and are therefore not sensitive to these
weedkillers, while various species of weeds are killed because they rapidly con-
vert the butyric acid derivatives to the active compounds®0> 91, 142,

Efforts to obtain tumor-selective cytostatic agents, based on a selective
bioactivation in the malignant tissues, have not been very successful up to now.
This is mainly due to a lack of enzyme specificity in malignant tissues as com-
pared to healthy vital tissues. Diethylstilbestrol, an estrogen, is active against
tumors of the prostate. The phosphate ester of diethylstilbestrol, Honvan, is
inactive but is converted to the active product by the acidic phosphatase that
is abundant in the prostate tissue. The enzyme concerned, however, is not
restricted to the prostate: kidney and bone tissues are also rich in acidic phos-
phatase, so that the bioactivation is not restricted to the target tissue.

3.2. Pharmacon Transport and Drug Design

Besides pharmacon metabolism, pharmacon transport is a major factor in deter-
mining thebioavailability profile and hence the biological action of pharmaca.
Thus, modulation of drug transport by molecular manipulation also offers op-
portunities to modify the action profile, e.g. the half-life of bioactive compounds.

3.2.1. Introduction of Transport-restricting
Moieties to Reduce Toxicity

Restriction of drug distribution — for instance, by restricting the penetration

of the drug into the compartment where biotoxification takes place, or into the
compartment where toxic actions are induced — also opens up prospects for
reducing toxicity. Generally speaking, reduction in the absorption, enhancement
of renal excretion, and restriction of the distribution to the extraceliular fluid,
thus hindering penetration into the cells, should reduce the risk both of the
formation of toxic metabolites and of intracellular toxic actions. For this pur-
pose, the introduction of highly ionized groups into the molecule is a suitable
procedure. Only a small proportion of the highly jonized compounds thus ob-
tained will be absorbed from the gut; once absorbed, they will stay mainly in
the extracellular fluid and, after ultrafiltration into the urine, they will not be
reabsorbed in the renal tubules. Such compounds are thus rapidly excreted and,
since they do not or hardly penetrate the lipid barriers in the various biological
membranes, their distribution is so restricted that they do not penetrate into the
central nervous system and the intracellular compartments. Certain organs have
systems for the active excretion of ionized compounds: the liver and kidneys,
for instance, have systems for the active excretion of various strong-acid and
strong-base type compounds. These compounds are taken up in a selective way
by the cells concerned and rapidly excreted with the urine or bile. Compounds
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Fig. 24. Introduction of strongly hydrophilizing moieties to restrict absorption and
distribution and to enhance excretion
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Brain Lung Liver Blood Bone marrow

Saiivary glands Heart blood Intestines Fetus Urinary bladder
{a)

Brain Lung Liver

Salivary glands Intestines Fetuses Placenta
{b}

~C
N-C (': N\c S
promethazine Aprobit
strongly sedative no CNS effects

Fig. 25. A comparison of the distribution and excretion of two antihistamines, the tertiary
promethazine (#) and the quaternary (Aprobit) phenothiazine compound (b) labeled with358.
Note the high concentrations of the tertiary amine in brain tissue and the restriction in

the distribution of the quaternary compound mainly to the liver and the intestines. After
Hansson and Schmiterldw

with highly ionized groups are as a rule excreted unchanged, which means that
they escape attack by the mixed-function oxidases, the enzymes primarily
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involved in the formation of toxic metabolites. Introduction of onium groups

is a less suitable procedure for restricting the distribution, since many cells,

such as muscle and nerve cells, have on their surface sites of action (receptors)
for quaternary onium compounds, which include acetylcholine and drugs such
as curare, hexamethonium, quaternary anticholinergic agents and quaternary
antihistaminics. Strongly acidic groups like sulfonic acid groups are preferable,
since their presence does not confer any particular pharmacodynamic properties.
Examples of the use of sulfonic acid groups as moieties to restrict distribution
are found especially in the field of colorants used in foods. Azo dyes, such as
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Fig. 26. The penetration of the acetylcholinesterase inhibitors 217-A0 (tertiary base) and
217-MI (quaternary onium compound) in interstitial space and cells in the stellate ganglia
(SG) and ciliary ganglia (CG) of cats. The preparations are stained on acetylcholinesterase
activity. Note: The tertiary compound blocks the enzyme in the extracellular and intra-
cellular space; the quaternary onium compound is restricted in its action to the extracel-
lular space. After Mclsaac and Koelle 46
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butter yellow, were originally used but were found to be highly toxic, i.e.
carcinogenic. Among the azo dyes and other dyes accepted as food colorants,
highly ionized sulfonic groups are very common (Fig. 24)4% 144) Ope has to
be aware that azo dyes, although highly water-soluble, may be reduced to amines
particularly by the intestinal flora. Therefore, in these dyes all groups linked by
azo bridges should carry at least one sulfonic acid moiety, otherwise after reduc-
tion e.g. of trypan blue or the suspicious fish colorant, brown FK, toxic and
potentially carcinogenic amines may be generated (Fig. 24). Highly ionized
groups serving as moieties to restrict distribution can also be used to prevent
penetration into the central nervous system so that there are no central nervous
system actions. This holds especially true for drugs whose sites of action are on the
cell surface, such as anticholinergics and antihistaminics. Quaternization of such
compounds does not eliminate the original action but restricts it to the periph-
eral organs since the onium compounds poorly penetrate the blood-brain barrier.
This is important when such drugs are used to inhibit gastric acid secretion and
gastric motility, or as bronchospasmolytics, etc. Figure 251%%) shows the dif-
ferences in distribution of the highly sedative antihistaminic promethazine and
its quaternary derivative Aprobit, mainly used as a bronchospasmolytic. Figure
26 shows that the cell membrane, too, constitutes a barrier for ionized com-
poundsl%).

3.2.2. Introduction of Transport-restricting
Moieties to Obtain Local Action

The previous section dealt with the introduction of transport-restricting moie-
ties to prevent drug penetration into certain compartments. Such moieties can
also be used to promote action in a particular compartment. The sulfonamides
designed for the treatment of intestinal infections may exemplify this. These
sulfonamides are conjugated with dicarbonic acids, forming hemi-amides, so
that one carboxyl group is left free. The conjugates therefore have a strongly
acidic character, hence a high degree of ionization and poor absorption in the
intestinal tract, allowing the compound to reach the lower parts of the tract
(Fig. 27).

For the drug to be antibacterially effective, however, the active suifon-
amide must be liberated by deconjugation and the transport-restricting moiety
must be disposable. In the intestinal contents slow hydrolysis of the sulfon-
amide conjugates takes place, thus ensuring effective concentrations of the
active antibacterial agent in the lower parts of the intestinal tract.

3.2.3. Introduction of Transport-restricting Moieties to
Obtain Selectivity in Action

The principle of the use of disposable transport-restricting moieties is also ap-
plied to bioactive compounds in other fields, e.g. pesticides. Figure 28 shows
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Succinylsulfathiazole

Phthalylsulfathiazole

Phthalylsulfacetamide

Salazosulfapyridine

Disposable restricting moiety

Fig. 27. Restriction in the distribution of sulfonamides to the intestinal tract by introduc-
tion of strongly hydrophilic disposable restricting moieties

the highly ionized water-soluble conjugation product of dichlorophenoxyethanol
with sulfuric acid, a weedkiller which, in this form, does not penetrate the
leaves on which it is sprayed. After wash-down by rain the conjugate is hydro-
lyzed and the alcohol is oxidized to the active product, dichlorophenoxyacetic
acid, in the superficial layers of the soil. The action of this weedkiller is thus
mainly restricted to weeds having a superficial root system. Because of dilution,
it does not touch the deeper-rooted plants such as frujt bushes and trees, even
although these have been sprayed with the weedkiller® D This procedure can
also be regarded as selective bioactivation in the target compartment, the super-
ficial soil layers. It is not only by introducing highly ionized, water-soluble
moieties that transport can be restricted, but also by moieties that strongly
increase the lipid solubility of the compound so that it is no longer water-
soluble. The groups introduced to enhance the lipid solubility can also be
regarded as transport-restricting and may also be disposable. This is the case,
for instance, for the esters of the radiopaque agents used in bronchography
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Fig. 28. Selectivity in action of weed killers obtained by introduction of a hi%hly hydro-
philic disposéble restricting moiety in a precursor compound. After Craftsd1

(Fig. 29). Unlike the original radio-contrast media, which, being water-soluble,
were easily spread over the bronchial surface and the alveoli and hence rapidly
absorbed, the esters, which are water-soluble; adhere to the bronchial wall
without penetrating the smaller bronchioli and thus allow good visualization
of the bronchial tree. The transport-restricting moieties, the alcohols, are split
off gradually by hydrolysis and the original radiopaque is set free. This is then
absorbed, so that after a certain period of time the agent is cleared from the
bronchial tree.

3.2.4. Introduction of Transport-facilitating:
Moieties to Enhance Absorption

Molecular manipulation resulting in a lipid/water-solubility suitable for penetra-
tion of both lipid membranes and the water compartments such as the inter-
stitial fluids will enhance absorption and facilitate distribution over the various
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Fig. 29. Introduction of lipophilizing moieties to restrict the flow of the compound at the
site of application

compartments in the organism. The skin forms a real barrier to water-soluble
agents but is relatively easily penetrated by lipid-soluble compounds. This is
why transport-facilitating moieties are found especially among drugs designed
for dermal application. Examples are esters of corticoid hormones, of nicotinic
acid, of salicylic acid and the compound clofibrate'#”). The transport-facilitating
moieties should be disposable in this case since the original compound (the
steroid hormone, nicotinic acid, or salicylic acid) must be set free to exert its
action (Fig. 30). Transport-facilitating moieties may also improve the intestinal
absorption of orally administered drugs. The penicillins, for instance, are com-
pounds with a free carboxylic acid group and are nearly completely ionized at
the high pH of the intestine; they are thus relatively poorly absorbed. Intro-
duction of disposable moieties that mask the ionized carboxylic acid group
greatly enhances absorption from the gut. The penicillin esters must resist
hydrolysis at the low pH in the stomach and the high pH in the gut but be
rapidly hydrolyzed by plasma esterases and possibly esterases in the intestinal
wall, so that the active compound is readily set free after absorption (Fig. 31)!4®)
On the other hand, the penicillin esters should not be too lipophilic since then
they become insoluble in water, and instead of a rapid, enhanced absorption,
there may be a slow, protracted uptake as with penamecillin”g). This acetoxy-
methyl ester of benzylpenicillin is so rapidly hydrolyzed after absorption that
only benzylpenicillin can be detected in the blood of the vena portae. The
plasma levels obtained with penamecillin persist, however, over a 10 h period,
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Fig. 31. Introduction of disposable facilitating moieties to enhance intestinal absorption.
[From: W. von Daehne ef al.}48) ]

compared to 5 h for an equivalent dose of benzylpenicillin. With the latter com-
pound, however, much higher plasma levels are reached more rapidly than with
penamecillin 149 157). The fact that ampicillin has an amino group in the side-
chain means that after esterification of the carboxyl group a balanced lipid/
water-solubility is obtained, allowing for rapid absorption. An analogous ap-
proach, namely esterification of one of the carboxyl groups, is used in the con-
version of the highly water-soluble carbenicillin, a penicillin with two carboxyl
groups, to carindacillin, the indanyl ester of carbenicillin in which one carboxyl
group is masked. In this way the very poorly absorbed carbenicillin is converted
to a preparation that is active after oral application'>%.
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Similarly facilitating lipophilizing ester moieties are introduced into highly
water-soluble cytostatic antimetabolites, such as methotrexate and derivatives,
and into cytarabine in order to enhance penetration of the blood-brain barrier
and thus to reach malignant tissue focated in the CNS, which is normally out
of reach for cytostatics 162+ 163

Disposable transport-facilitating moieties are also used to enhance the ab-
sorption of the water-soluble vitamins used as food additives, such as thiamine,
ascorbic acid, and riboflavine. The vitamin derivatives obtained are poorly
water-soluble and therefore are less extracted during the preparation of the
food, which also gives some protection against oxidative decomposition. The
increased lipophilicity enhances absorption from the intestinal tract
(Fig. 32)151—1 55)

The procedure under discussion is not restricted to drugs, as demonstrated
in Figure 33, which shows a number of dinitrophenol derivatives used as pesti -
cides because of their uncoupling action on the oxidative phosphorylation. In
this case, facilitating moieties may be both fixed and disposable. The groups
bound to the phenolic OH group must be disposable since a free phenolic OH
group is essential for the fungicidal action. The alkyl group in the ring can be

Disposable facilitating

NO, Fixed facilitating

moiety moiety
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_C
-C—-C —C-0-C-C Dinoterbon
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Fig. 33. Introduction of fixed and disposable facilitating moieties in fungicides

47



E. J. Ariéns and A.-M. Simonis

regarded as a fixed facilitating moiety. In order to avoid extreme lipophilicity,
which would interfere with absorption and transport, the size of the alkyl
group on the ring must balance that of the alkyl group on the phenolic OH
group?®). The increased lipophilicity of the derivatives enhances penetration
into the fungi, which grow on the surfaces treated and thus come into close
contact with the fungicide. The high lipophilicity of the fungicide also
prevents its leaching away by water from the surfaces treated. Thus the intro-
duction of the lipophilizing moieties also results in a certain depot action.

3.3. Design of Depot Preparations and Preparations
Suijtable for Particular Applications

In efforts to modulate the biological availability profile by molecular manipu-
lation, special attention has been paid to preparations with a sustained action,
or depot preparations. The use of such depot preparations is most frequent in
hormonal substitution therapy. However, depot preparations have also been
developed for other types of drugs, usually on basis of conversion of the mother
compounds by molecular manipulation to products with low water-solubility.
In this respect the slow-release pharmaceutical preparations also deserve a
mention. Particular release forms of drugs have been developed to avoid strong
local actions and side-effects at the site of application. This is done by introduc-
ing disposable moieties that temporarily mask the action of the drug. Finally
the hydrophilization of poorly water-soluble drugs for the design of compounds
suitable for intravenous application must be mentioned. The pharmaceutical
solubilization techniques, as well as the development of suitable sustained-
release forms, are aspects of drug design related to the pharmaceutical phase

of drug action.

3.3.1. introduction of Strongly Lipophilizing Disposable
Moieties to Obtain Depot Preparations

The principle of obtaining drugs with prolonged action by converting bioactive
compounds to water-insoluble products through the introduction of lipophiliz-
ing moieties has been applied in various fields. The large families of esters of
various steroid hormones and steroid hormone derivatives speak for themselves
(Fig. 34). For substitution therapy with hormones a steady, day-long supply
of the hormone is required, therefore depot preparations of hormones are
frequently used. The various ester preparations are in the form of crystal sus-
peusions or solutions in oil given by intramuscular injection. A particularly
interesting ester is the stearoyl glycollate of prednisolone. This compound is
given orally; it is rapidly absorbed in the intestinal tract but slowly hydrolyzed
by the body esterases and probably also stored in the fat tissues, so giving a
long-lasting action. Changes also occur in the spectrum of activities; compared
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3—Phenylpropionate
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C

Testosterone androgen

Propionate

Isobutyrate

Heptanoate
Caprinoylacetate
Cyclohexanecarboxylate
B—Cyclopentylpropionate
B—Cyclohexylpropinate
Phenylacetate
B—Phenylpropionate
Nicotinate

Prednisolone

glucocorticoid

Acetate
Trimethylacetate
B,8—Dimethylbutyrate
Stearoyloxyacetate

Fig. 34. Introduction of strongly lipophilizing moieties to obtain depot preparations

to prednisolone, the stearoyl glycollate is more effective as an anti-inflammatory
steroid but less active in ulcerogenesis and adrenal suppression
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The principle of making depot preparations by esterification is widely ap-
plied not only to steroid hormones, but also to other drugs (e.g vitamin K, the
tranquillizer fluphenazine, and the antimalarial amodiaquine (Fig. 35)158-15%
and in the field of pesticides to the weedkiller dichlorophenoxyacetic acid.

The phosphate ester of the alcohol dichlorophenoxyethanol is extremely lipid-
soluble; after application to the soil it stays there as a depot for a long time
without being washed away by the rain. It gradually releases the alcohol, which
is then rapidly converted by oxidation to the active weedkiller dichlorophenoxy-
acetic acid?.

O —Palmitoylamodiaquine
antimalarial

Fluphenazine enanthate
tranquillizer
(Disjunction of the desolubilizing moiety before action is highly probable.)

Fig. 35. Introduction of disposablel) desolubilizing moieties in drugs to obtain depot preparations.

1)
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Esterification is also used in the preparation of long-acting fungicides for
preserving textiles and paper. The fungicide pentachlorophenol is esterified
with lauric acid; the ester is insoluble in water and adheres to the textile fibers
so that no leaching occurs if the textile is soaked in water. The active product

pentachlorophenol is slowly released and thus guarantees persisient rot-proofing
(Fig. 36)160),

a a
Cl OH

a a
Pentachlorophenol (PCP)

fungicide
leaching

__sow PCP P
/ hydrolys1$ fungicide

Pentachlorophenyl laurate
no leaching
used for rot—proofing of textile and paper

% Disposable desolubilizing moiety

Fig. 36. Introduction of disposable strongly lipophilizing moieties to obtain a depot
effect160)

3.3.2. Introduction of Disposable Hydrophilizing
Moieties to Obtain Water-soluble Preparations

A counterpart of the formation of depot preparations on the basis of strongly
lipophilizing moieties is the introduction of hydrophilizing moieties into rela-
tively lipophilic compounds. The compounds thus obtained are then suitable
for e.g. intravenous application. The hydrophilizing moiety, however, should
be easily split off by plasma hydrolases or liver enzymes so that the original
compound is set free in its active form. In this way high plasma concentrations
can be rapidly built up with poorly water-soluble compounds. The need for
disposabie hydrophilizing moieties is diminished by the availability of various
solubilizing techniques for poorly water-soluble agents, e.g. Tweens. Neverthe-
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less, the principle is still applied for a number of steroid hormones and other
types of drugs such as tranquillizers (Fig. 37).

C
HO c—c—otr]
C c Il
0
(e} (¢)
Prednisolone Deoxycortone
C—OH
(0]
—-,CI~C—C——(H‘—OH HO
0 0 OH
OH
Soludacortin Docaquosum

Fig. 37. Introduction of disposable 1) solubilizing moieties in horimones and hormonoids
to obtain wateg-soluble compounds.
1) (Disjunction of the solubilizing moiety before action is highly probable.)

3.3.3. Introduction of Disposabie Moieties to Avoid Side-effects

Certain side-effects can be avoided by ensuring that high concentrations of the
active compound do not occur at the site of application, or by avoiding initial
peak concentrations of the drug in plasma. Well-known examples are the various
efforts to mask the phenolic OH group in salicylic acid in order to reduce gastro-
intestinal irritation. After absorption, salicylic acid is rapidly set free. The im-
munosuppressive agent azathioprine is a derivative of the active cytostatic
mercaptopurine. After administration of the drug, mercaptopurine is gradually
set free, so that high initial peak concentrations do not occur and the risk of a
strong cytostatic action is reduced. Masking moieties may also be used to
eliminate an unpleasant taste or smell. The extremely bitter taste of chloram-
phenicol is masked by formation of e.g. the palmitate ester, from which the
active antibiotic is gradually released in the intestinal lumen (Fig. 38).

4. Conclusion

Modulation of pharmacokinetics in efforts to avoid toxicity or to obtain particu-
lar time-effect profiles should be applied in an early phase of drug design. It is
effected by means of molecular manipulation based on the elimination or intro-
ductjon of biofunctional moieties — moieties having a particular biological func-
tion, for instance, with regard to biochemical conversion or trans-
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port!s 2. 43, 49~51) This line of approach has its own specific significance
and advantages, and should normally precede the optimization aimed at by
the “substituent approach” introduced by Hansch and co-workers>2 59 In
many cases the two approaches are complementary.

COCH COOH
O OH
g hydrolysis

Acetylsalicylic acid Salicylic acid

phenolic OH-group masked to analgesic

reduce stomach irritation
§ §
(\?=0 ﬁ? =0
(o} OH O

hydrolysis OOO
——

Diacetate (and monoacetate)
active antipsoriatic

Triacetoxyanthracene
phenolic OH-groups masked
to avoid skin irritation and
tissue staining

OH (‘)H
| i
OZNO—C—C‘—C—O o, oN C—G—C—oH

N )

clzo C]=0

CCl, CCl,
Palmitate Chloramphenicol
Cinnamate
Glycinate

N-Alkyl carbamate
Chloramphenicol esters
devoid of bitter taste

‘hydrolysis
—_— 25—-C—-C

Ditophal
devoid of bad mercaptan smell

Ethyl mercaptan
tuberculostatic

Fig. 38. Introduction of readily disposed masking moieties to obtain compounds with a
“latency” in their action and to avoid local “actions™ at the site of application
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1. Introduction

A time span of 33 years has elapsed since the original formulation of the anti-
metabolite theory by Fildes!) based upon the discovery by Woods?) of the
biological antagonism between sulfanilamide (Ib) and p-aminobenzoic acid
(la), two compounds strikingly similar to each other in chemical structure
and molecular dimensions (see illustration). Up to the present day, this theory
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has inspired an enormous amount of research work in medicinal chemistry. In
its various applications and modifications, it has provided the tools for many
fundamental studies of the metabolic pathways and of the structures and func-
tions of various enzymes and cellular receptors, and it served as a basis for most
of the major “rational” approaches and strategies employed or proposed in
the field of chemotherapy. It may be true that, in the latter field, the anti-
metabolite theory has until recently been more useful in providing post facto
insight into the modes of action of fortuitously discovered chemotherapeutic
agents than in the a priori design of new drugs displaying unique or superior
therapeutic effects; therefore, some of the original expectations of many in-
vestigators often resulted in disappointments. One must remember, however,
that the main significance of the antimetabolite theory, in its original form,
lies in its recognition of the structural relationship between metabolic inhib-
itors and metabolites; its proposition, to design effective drugs viz structural
alterations of essential metabolites, was a much too general idea for immedi-
ately successful application. In retrospect, it is not surprising that of the many
thousands of potential “antimetabolites” synthesized by medicinal chemists
over the years, only relatively few proved to be effective drugs, and that even
some of these were found useful for reasons that could not be predicted by
their designers. Much more had to be learned about the essential metabolic
processes and their differences in the host and parasites, the structural and
functional properties of various key enzymes, the mechanisms of enzyme reg-
ulation, the processes of drug transport, activation and elimination, and many
other factors that may modify the action or selectivity of drugs, in order to be
able to realize the predictive potential of the antimetabolite theory for the
design of new drugs in a judicious and effective manner. This phase of the ap-
plication of the antimetabolite concept in chemotherapy has just only began.
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In this article, I shall attempt to review the structure-activity relationships
and modes of action of various types of antimetabolites in the light of recent
results and present day knowledge, and to discuss certain aspects of the new
(as well as old) approaches in this field which may be of interest to those of
us who are engaged in the effort to design more effective chemotherapeutic
agents. Throughout this discussion, emphasis will be placed upon the effects
of antimetabolites on the metabolic processes in the cells rather than on iso-
lated enzyme systems. Although the usefuiness of the latter in the primary
design and study of new types of inhibitors is well recognized and will be
referred to in the text, the specific topic of enzyme inhibitors has been dealt
with in two recent review articles® 4 to which the reader may turn for further
information.

2. Classical Antimetabolites
2.1. Definition

Most of the antimetabolites synthesized and studied during the first two de-
cades of intensive research following the publication of Fildes’ hypothesis"
were close structural analogues of various vitamins, hormones, amino acids,
purines, pyrimidines, and other small molecules considered to be “essential
metabolites” of living organisms®» ©). The term “classical antimetabolites”

was introduced”) to denote “enzyme inhibitors having only a small change in
structure” as compared to the natural substrate of a given enzyme. Since many
antimetabolites display iz vivo a variety of biological activities (as it will be
seen below), this terminology is used here in a more general sense, to classify
all those antimetabolites which differ from the corresponding natural metab-
olites by replacement of only one or two atoms or groups. It should be
emphasized that in our usage the term “classical” does not by any means imply
that the design of such antimetabolites should be considered as a historical
and, perhaps, obsolete approach. To the contrary, this approach is today as
valid and viable as any of the other, imore recently proposed rational ap-
proaches to chemotherapy; in fact, some of the most recent successes in this
field have been achieved with classical-type antimetabolites.

2.2, Classical Antimetabolites as Enzyme Inhibitors

The inhibitory activity of an antimetabolite depends on its successful competi-
tion with the corresponding metabolite for the enzyme(s) of which the metabolite
is the natural substrate or cofactor. Thus, the first requirement for the activity
of any type of antimetabolite is, that it should be able to combine with the
enzyme in such manner as to prevent effective complexing of the enzyme with
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the normal metabolite. Once the formation of an enzyme-antimetabolite com-
plex has taken place, there are generally two possibilities:

A. The antimetabolite plays the role of a substrate: If the antimetabolite is
capable of undergoing the enzyme-catalyzed reaction with the resulting dis-
sociation of the enzyme-antimetabolite complex into (abnormal) product(s)
and the free enzyme, then it may be considered an abnormal substrate, or sub-
stitute metabolite. As such, it will competitively interfere with the transforma-
tion of the normal metabolite; the extent of such interference depends on the
relative affinity of the antimetabolite for the enzyme as well as on the rate of
its conversion and subsequent release by the enzyme (i.e., the “turn-over’ rate
of the enzyme-antimetabolite complex). In the extreme (but important) case
when the affinity is very high and the turnover rate very low, such antimetab-
olites act, in effect, as potent enzyme inhibitors, rather than as substitute
metabolites (see B.iii) below). In the majority of cases, those classical anti-
metabolites which are capable of undergoing the enzyme-catalyzed reaction,
having affinities and conversion rates comparable to those of the corresponding
normal metabolites, exert only a partial and temporary inhibition at those
steps of the metabolic pathway in which they themselves are metabolized, and
therefore, their effective action as metabolic inhibitors will depend on their
inhibition of other targets and on subsequent metabolic events (see Section
2.3).

However, this does not apply to the special situation when (1) the enzyme
is a synthetase which catalyzes the formation of a covalent bond between the
metabolite (or antimetabolite) and a second substrate, and (2) the second sub-
strate is available only in a limited amount. In this case, the antimetabolite
competes with the metabolite not only for the enzyme but also for the second
substrate, with which it will combine covalently to form an inert product.
Although this enzyme-mediated reaction of the antimetabolite is reversible by
the corresponding metabolite in a competitive manner, due to its potentially
crucial metabolic effect, (i.e., the elimination of another, limiting metabolite
which is required for the same reaction step of the metabolic pathway), this
reaction per se could be responsible for the over-all inhibitory effect of the
antimetabolite. That is, in such particular cases, the metabolic target of the
inhibitory action of the antimetabolite may be an enzymic reaction step in
which it actually plays the role of a substrate. One might think that this type
of situation is a rather special and unusual one, as it may be indeed; however,
it so happens that the first descovered and still important class of classical and
semi-classical antimetabolites, the sulfonamides, appears to act in this manner,
as indicated by the results of a recent studys) (see Section 3.2.).

B. The antimetabolite blocks the enzyme-catalyzed reaction: If the antimetab-
olite, after complexing with the enzyme, cannot complete the catalytic reac-
tion, then its action is that of a typical enzyme inhibitor. While this is the
characteristic mode of action of non-classical antimetabolites (see Section 3.1.),
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classical antimetabolites will act in this manner if their small structural change
relative to the corresponding metabolite is one of the following types:

()  replacement or modification of a group or atom in the “reacting region”
of the metabolite, i.e., the part of the molecule which partlclpates in the
enzyme-catalyzed reactlon,

(i)  a structural change anywhere in the molecule, that significantly alters
either the reactivity or the geometric position (with respect to the cata-
lytic site of the enzyme) of the “reacting region” of the metabolite but
not those of its “binding” sites to the enzyme;

(iii) astructural change causing a substantial increase in the strength of
“binding” of the molecule to the enzyme (e.g., due to additional ionic
or hydrogen bonds), together with a significant decrease or complete loss
of its ability to undergo the enzyme-catalyzed reaction; this results in
the formation of a “kinetically irreversible” enzyme-antimetabolite
complex (“stoichiometric” inhibition);

(iiii) the introduction of a chemically reactive group which causes irreversible
binding of the antimetabolite to the enzyme via covalent bond forma-
tion.

Examples

Examples for case (1) are 5'-deoxythymidine (2e) and its recently reported9 10)
5"-halogeno and 5'-amino dervatives (2b—d); particularly the latter are potent
inhibitors of thymidine kinase, competitively reversible by thymidine (2¢). In
these analogues, the 5"-hydroxyl group of thymidine is isosterically replaced,
therefore, they cannot undergo phosphorylation by thymidine kinase. Another
example is the new quinazoline analogue!?) (3a) of folic acid (42) in which the
pyrazine ring of the pteridine system is replaced by a benzene ring; the latter
cannot be reduced by folate reductase. This compound, and its N'0-methy!
derivative (3d), were found to be effective inhibitors of dihydrofolate reduc-
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tase and, particularly (3d), also showed remarkably potent inhibition of
thymidylate synthetase!!). Additional examples of this type of directly acting
classical antimetabolites are included among the structural illustrations in
Section 2.7.
The examples for case (ii) are somewhat less clear cut. The inhibition of

the enzymatic conversmn of orotic acid (5a) to orotidylic acid by uracil-6-
sulfonic acid (56)*® may be an example for the effect of the replacement of
COOH with SO3H on the electron density of the “reacting region” of the
metabolite (ring-N; -H), since the analogue (5b) is not known to be converted
to its ribonucleotide. However, better examples of such electronic effects can
be found in some antimetabolites acting at the coenzyme level; (see e.g., com-
pound 7f, Section 2.3.). As to the effect of structural modification on the
geometric position of the “reacting region”, one of the best examples is the
D-isomer of the natural L-tryptophan (6) which competitively inhibits the
pancreatic tryptophan-activating enzyme, but unlike other classical antimetab-
olites of L-tryptophan having the L-configuration, it does not undergo the
activation reaction!®. This is understandable, since the binding of tryptophan
to the enzyme primarily involves the indole moiety which is the same for both
isomers, whereas the position of the “reacting” group (COOH) depends on the
configuration of the a-carbon. Similarly, several 9-(co-hydroxyalkyl)-6,7-dime-
thylisoalloxazines (7b—e), structural analogues of riboflavin (74), show very
strong binding to riboflavin kinase but are not phosphorylated by this enzyme*
presumably because their w-hydroxyl groups are not appropriately positioned,
due either to the shoriness or to the hydrophobic character of their side

chains.
0
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For case (jii), the most important and fascinating example of a “stoichio-
metric” inhibitor is the classical antifolate, aminopterin (44), which, due to
the isosteric replacement of a OH with an NH, group, is capable of complexing
with dihydrofolate reductase about 3,000—10,000 times more strongly”) than
folic acid (42) or the normal substrate, dihydrofolic acid, and, at the same
time, shows an almost complete loss of ability to undergo the enzyme cata-
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lyzed reaction. Obviously, the change in the 4-position has a profound effect
not only on the ionization and hydrogen bonding properties (tautomeric struc-
ture) of the substituted pyrimidine ring which participates in the “binding”,
but, at least indirectly (i.e., in the enzyme-bound form), also on the n-electron
system of the pyrazine ring, making this ring less susceptible to reduction by
the enzyme. Recently, the quinazoline analogues (3% and ¢) of aminopterin
and methotrexate have been reported to be equally effective inhibitors of
dihydrofolate reductase!!: 15). The approximately 500-fold increase in the
inhibitory activity of 3b compared to that of 3a for bacterial dihydrofolate
reductase should be indicative of the effect of the 4-amino group solely on the
“binding” of the pyrimidine ring to this enzyme, since neither 3a nor 3b can
be reduced enzymatically due to the isosteric replacement of the pyrazine

ring in these analogues.

(iiii) Two well-known examples of covalently bound irreversible inhibitors
are azaserine (&) and DON (9), both classical-type antimetabolites of L-gluta-
mine (J0). Their main site of action is the 5'-phosphoribosyl-formylglycine-
amide: L-glutamine amido-ligase catalyzed step of purine synthesis; they inhib-
it this enzyme for a short time competitively, but then inactivate it irrever-
siblylé), due to a neighboring group reaction of the COCHN, moiety with the
SH-group of a cysteine residue in the active site of the enzyme (“endoalkyla-
tion™)”). Similar types of irreversible inhibitors of L-asparagine (//a) have
been reported recently”), using either COCHN, , COCH,Br or COCH,Cl
group as the alkylating functions.
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Analogous replacement of the -CO-NH- portion of the pyrimidine ring of
orotic acid (5a) with -CO-C(N, )-group led to the synthesis of 3-diazocitrazinic
acid (/2), an antimetabolite of orotic acid in L. bulgaricus'® . This analogue
is competitively reversible with orotic acid through a narrow concentration
range of 12, but only if the metabolite and the analogue are simultaneously
present in the growth medium.
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2.3. Lethal Synthesis

Classical-type antimetabolites, due to the close similarity of their over-all struc-
tures to those of the corresponding metabolites, can frequently be utilized by
the enzymes as substrates and undergo enzymic transformation to yield ana-
logous products. Such antimetabolites may exert their cellular (or viral) inhibi-
tory action via one of the following two general mechanisms:

A. Metabolic activation: The antimetabolites (and their subsequent enzymic
reaction product(s), respectively) may be utilized as competitive substrate(s) in
one (or several consecutive) enzymic reaction(s) along the metabolic pathway
of the normal metabolite, but at one stage of the metabolic reaction sequence,
the transformed analogue cannot be further utilized as a substrate and, instead,
acts as an inhibitor of the enzyme which catalyzes the next reaction step. At
this stage, the action of the transformied (“activated™) analogue as an enzyme
inhibitor depends on the same general types of structural requirements as out-
lined in the case of the “directly acting” enzyme inhibitors (see Section 2.2.;

B (i)-(iiii)).

B. Incorporation into a functional macromolecule: The antimetabolite
may follow the entire reaction sequence of the normal metabolite, ultimately
leading to its incorporation into DNA, RNA or protein (enzyme) in which it
takes the place of the corresponding normal nucleotide or amino acid unit,
respectively. The presence of abnormal nucleotides in the DNA or RNA (1)
may inhibit further growth of the polymer chains, (2) may cause genetic muta-
tion (DNA - DNA), or more frequently, (3) erroneous transcription
(DNA — RNA) and translation (RNA - protein) of the genetic message;
this can result in the synthesis of incomplete or faulty enzymes. The incorpo-
ration of amino acid analogues in the place of essential amino acids will also
lead to abnormal (sometimes toxic) proteins and non-functioning enzymes.
While the effects involving DNA (see (1) and (2), above) may result primarily
in the loss of viability of a virus or cell, any of the above listed effects of the
incorporation of a “false” precursor into a biopolymer may ultimately cause
cell death.

Examples

Examples for mechanism “A” include many vitamin antimetabolites which
are metabolically converted to the corresponding coenzyme-analogues; in the
latter form, they act as enzyme inhibitors. Thus, 4-deoxypyridoxine (13b) and
6-chloro-7-methyl-9-ribityl-isoalloxazine (7f), classical antimetabolites of the
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vitamins B¢ (134) and B, (7a), respectively, can undergo enzymatic phos-
phorylation, and then compete with the analogous normal coenzymes for
their respective apoenzymeslg). Inhibition of the subsequent enzyme reaction
by the 13b phosphate would be expected because of the replacement of the
catalytic group at the 4-position of the normal coenzyme (/32 phosphate) by
a CH; group, while the reported inhibitory effect of the 7f phosphatelg) may
be attributed to the change in the redox-potential of the flavin coenzyme
resulting from the isosteric replacement of the 6-CH3 group with a chlorine
atom. (Thus, as enzyme inhibitors, the activated forms of 135 and 7f fulfill
the criteria B (i) and B (ii), respectively, of Section 2.2.). Antimetabolites of
other vitamins acting as enzyme inhibitors only after metabolic conversion,
include the following analogues of nicotinic acid (/44) and nicotinamide (14b):
5-fluoronicotinic acid (15), 3-acetylpyridine (14c) and 6-aminonicotinamide
(16). All three of these antimetabolites are enzymatically converted to the
corresponding structural analogues of the nicotinamide adenine dinucleotide
(NAD) coenzyme, in which form they act as antagonists of NAD in some, if
not all of its functions'®.

(0]
Il
HoftrCHpH (\jc—x F@COOH /Ej/CONHz
H;C™ °N N N H,N™ N
13a¢ X=CH,0H orCHO j4a X=OH 15 16
b X=CH3 b X=NH2
¢ X=CH,

In addition, probably most classical antimetabolites of the natural purines
and pyrimidines, as well as those of the corresponding nucleosides, which
inhibit various enzymes involved in the biosynthesis of nucleic acids, are be-
lieved to act primarily by mechanism ““A”, that is, after metabolic conversion
to the corresponding nucleoside-5 -phosphates, diphosphates or triphosphates.
Thus, 6-mercaptopurine®® (6-MP, 174) is converted, by inosinic acid : pyro-
phosphate phosphoribosyltransferase, to 6-thioinosinic acid (TIMP, 175), and
the latter acts as an effective inhibitor of several important enzymes that cata-
lyze the interconversion of purine nulceotides?Y. 5-Fluorouracil*® (FU, 182)
is converted through a series of consecutive enzymatic reaction steps to 5-
ﬂuoro-2'-deoxyuridylatezz) (18¢) which, at first competitively, then irrever-
sibly?®) inhibits thymidylate synthetase. The corresponding nucleoside, 5-
fluoro-2"-deoxyuridine22) (FUDR, 18b), is directly converted to I8¢ by thymi-
dine kinase (“salvage pathway). Phosphorylation of 5-mercapto-2'-deoxyuri-
dine?*: 2 (MUDR, 19a) by thymidine kinase leads to the 5'-phosphate (195)
which acts as a potent reversible inhibitor of thymidylate synthetase; it ap-
pears that the ionized 5-mercapto group participates in the binding of 195 to
the enzyme®%). 6-Azauracil, as well as 6-azauridine (20a) is metabolically
converted to 6-azauridylic acid (20b) which inhibits the decarboxylation of
orotidylic acid (21)*®. The same reaction, a key step of the de novo synthesis
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of pyrimidine nucleotides, is also inhibited by 5-hydroxyuridylic acid?” (22b),
an intermediate metabolic product of 5-hydroxyuridine (222). Both nucleo-
tide analogues (20b and 22b) contain an electron donating group (ring-Ng: or
5-07, respectively,) to approximate the participation of the 6-C00 “group of

21 in the binding of the substrate to orotidylic acid decarboxylase. However,
22b readily undergoes further metabolic conversion to the corresponding
triphosphate (22¢) which is a competitive inhibitor of UTP in the RNA poly-
merase reaction. The triphosphate 22¢ is also a substrate for UDP-glucose
pyrophosphorylase and is converted to analogues of UDP-glucose and related
intermediates of carbohydrate metabolism?2®).
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There are a large number of nuclecside analogues which undergo conver-
sion to the triphosphate stage before they act as enzyme inhibitors. As such,
they may inhibit, in addition to the polymerases, various enzymes which uti-
lize the corresponding normal nucleoside tr1phosphate (e.g., ATP) as cofactor.
Thus, both 9-3-D-xylofuranosyladenine®® (23) and 9-8-D- -arabinofuranosyl-
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adenine®® (24) are converted to the corresponding triphosphates, but the
triphosphate of 23 seems to inhibit primarily the formation of PRPP (from
ATP) and thus it acts on the first step of the de novo synthesis of nucleotides
28) , while the triphosphate of 24 acts as an inhibitor of DNA polymerase, i.e.,
in the last step of DNA synthesis®®. The correspondlng cytosine nucleoside,
ara-C (25) also appears to inhibit DNA synthesis®® in a similar manner as 24.

NH2 NH, NH,
N/ / N N/
N
HOCHZ HOCHZ HOCH2
OH HO HO
23 24 25

Examples for mechanism “B”, i.e., incorporation into macromolecules,
are also numerous, and only a few are mentioned here. 8-Azaguanine (26) is
readily converted to the corresponding GTP analogue and then incorporated
into RNA, replacing a large portion of the guanine residues®V. In contrast, the
antibiotic cordycepin (3’-deoxyadenosine, 27), after conversion to its triphos-
phate, is incorporated only into terminal positions of RNA chains and blocks
further elongation of the polynucleotide chain®?.

5- Fluorouracﬂ (182), or the corresponding r1bonucleos1de (FUR)*?, and
4-thiouridine®¥, are taken up 1nto RNA in the place of the uridylate moiety,
and thus affect protem synthesm ), in contrast, 5-bromouracil3® or, 5-bromo-
2' deoxyur1d1ne35) (28a), as well as 5-iodo-2'-deoxyuridine®® (28b) and 5-

trifluoromethyl-2"-deoxyuridine®?

) (28¢), are incorporated into DNA in the

0 NH, 0
HN N NN HN
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26 27 284 X=Br
b X=1
¢ X=CF,
d X=CH,
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place of thymidine (28d); these analogues may interfere with the replication
of cells or viruses. The antibiotic tubercidin (7-deazaadenosine, 36; see Sec-
tion 2.6.) is incorporated into both RNA and DNA and effectively inhibits
DNA, RNA and protein synthesis>” . Among the amino acid analogues which
are incorporated by bacterial cells or cell-free systems into proteins in the
place of the correspondmg normal amino acid, 4-fluorophenylalanine®® (29)
and 7-azatryptophan®® (30) are shown here, as two typical examples.

CH2—CH—COOH ] CHZ—?H’COOH
| N
H

29 30

2.4. Effects on Regulatory Mechanisms

Classical antimetabolites are often capable of “reinforcing” their effective
inhibition of the metabolism and growth of the cell, by acting as “false” feed-
back inhibitors or repressors, and thus blocking the endogenous biosynthesis
of the natural metabolites with which they are to compete for the enzymes as
substitute substrates or inhibitors. This type of action depends on a close
structural similarity of the antimetabolite to a metabolite which normally
regulates its own biosynthesis either by allosteric interaction with an enzyme
that catalyzes one of the early reaction steps of the biosynthetic pathway, and
thus inhibiting its catalytic function, or by “repressing” the synthesis of the
enzymes required for the biosynthetic process. Due to their close structural
similarity, such antimetabolites that can act as pseudofeedback inhibitors or
repressors, usually also function as substitute metabolites and undergo metab-
olic activation or incorporation into the macromolecules (see Section 2.3.).
However, this is not always the case; e.g., S-methyltryptophan acts as an en-
zyme inhibitor (see Section 2.7.).

Some of the previously mentioned pyrimidine nucleoside analogues (FUR,
18b, 22a, 20a, 28a—c) apparently act in mammalian cells as feedback inhibi-
tors of the de novo pyrimidine synthesis at those two early steps of the metab-
olic pathways which are under regulatory control, i.e., those mediated by
the “allostenc” enzymes, aspartate transcarbamylase and dihydroorotate de-
hydrogenase . The inhibitory activities of these analogues in the isolated
enzyme systems are similar to those of the natural nucleosides and of the nu-
cleotide end-products of the de novo biosynthesis®®. In addition, several of
these nucleoside antimetabolites, in particular TUDR (28b), in the triphosphate
form, act as allosteric inhibitors of deoxycytidylate deaminase®!), and of thymi-
dine kinase which is a feedb ack controlled enzyme in the “salvage pathway
of DNA-thymine biosynthesis*?

On the other hand, many of the purine nucleoside analogues act as feed-
back inhibitors of de novo purine synthesis, but only after conversion to their
5'-phosphates. The reaction under regulatory control is the first committed
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step of purine biosynthesis, the formation of phosphoribosylamine from
phosphoribosylpyrophosphate and glutamine. This is normally regulated by
AMP and GMP, but some of the analogue nucleotides may be equally or more
effective allosteric inhibitors of the transaminase. It has been suggested*>

that the feedback inhibitory effect of its nucleotide may be the most impor-
tant mechanism of action of 6-MP (I 72); however, this question is still con-
troversial?V (see Section 2.6.). Among the other purine nucleoside analogues,
the antibiotics cordycepin (27) and tubercidin (36), in the form of their 5'-
phosphates, appear to be effective inhibitors at the regulatory site of de novo
purine biosynthesis44).

In bacterial cells, which are able to supply their own amino acid require-
ments by endogenous synthesis, certain amino acid analogues can act as pseu-
do-feedback inhibitors or repressors of amino acid biosynthesis, and thereby
block the endogenous supply of their “natural competitors”45). Prominent
examples of pseudofeedback inhibitors are 4-fluorophenylalanine (29), 5-
methyltryptophan (56, see Section 2.7.) and 2-thiazoloalanine (34) which
inhibit, at an early step45), the biosyntheses of phenylalanine, tryptophan, and
histidine (315), respectively. Examples of “analogue-repressors™ are canavanine
(32) an analogue of arginine (33), trifluoroleucine, and 5-methyltryptophan
which shows both feedback inhibitory and repressive properties. (For more
details, see Ref.?>).

N=I-CH~CH—COOH COOH COOH
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NH, CH-NH, CH-NH,
| I
Jla (CHy), (CH,),
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2.5. Effects on Uptake (Transport) of Metabolites

Amino acids and some other essential metabolites, such as folic acid*® are
taken up by the cells via “active transport™ mechanisms; that is, they are
believed to require specific translocating enzymes (“permeases™) to be able to
pass through the cell membranes. Close structural analogues of such metab-
olites may utilize the active-transport mechanism of the corresponding natural
metabolite, but apparently less efficiently*®) . Therefore, when an active-trans-
port requiring antimetabolite has to compete with an exogenous supply of the
natural metabolite, the latter will gain an initial advantage by reaching a higher
concentration than the antimetabolite at least at the first site of their competi-
tion for the metabolic enzymes inside the cells?s) (This can be circumvented
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by less polar non-classical antimetabolites that can penetrate through the cell
membranes via pass1ve diffusion, thus by-passing the active-transport mechanism
of the metabolite*®; see Section 3.2 ).

However, some classical antimetabolites may derive their chemotherapeutic
efficacy from their competitive inhibition of the specific active-transport
mechanism of the natural metabolite, provided that the life of the cell depends
on a limited exogenous supply of the latter substance. The fascinating “homo-
folic acid story”#?) seems to illustrate this point. In brief, “tetrahydrohomo-
folate” (34) is a potent inhibitor of £. coli thymidylate synthetase and was
found to prolong the life span of methotrexate-resistant leukemic mice. How-
ever, these two activities appear to be unrelated to each other*” . Based, in
part, on studies conducted with various microbiological systems, it was sug-
gested that the in vivo activity was due solely to the d, L-diastereoisomer of
34 which acts by blocking folate uptake, while the inhibitory activity of the
analogue for E. coli thymidylate synthetase resides entirely in the /, L-diastereo-
isomer which has the same configuration as the natural cofactor*®

COOH

)t[ ICH2 @ NH—@-CO NH CH

2

I
CH,—COOH
34

2.6. Multiple Inhibitory Action

Many of the classical-type antimetabolites used as examples in the foregoing
section are inherently capable of acting at several different sites of the metab-
olic pathways and by more than one mechanism, as it was pointed out on
various occasions in our discussion. Therefore, it is often difficult to deter-
mine which is the most sensitive site of action of a given effective antimetabo-
lite. This question is of importance, however, not only for theoretical reasons,
but also from the point of view of obtaining useful “leads™ for the design of
more effective chemotherapeutic agents. Experimental methods that have
been found useful in the exploration of the relative importance of biochemical
sites and modes of action of antimetabolites include inhibition analysis49) and
studies using resistant cells lines*>

Despite continued efforts in many laboratories producing an enormous
amount of interesting experimental results and valuable information concerning
the complex modes of action of many antimetabolites, the fact remains that
even in the longest and best studied cases we are still lacking a completely
clear, unambigous, “final” interpretation of the basic mechanisms of the
chemotherapeutic action of these drugs. The picture is constantly changing as
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new results are being reported, even in the case of relatively “simple” drugs
that act on a single step of the metabolic pathway (see the already mentioned
report on the action of sulfonamides® and much more so in the case of anti-
metabolites having multiple sites of action.

For example, it is still not clear to what extent the pharmacologic effects
of FU are due to the action of its deoxyribotide as a potent inhibitor of thymi-
dylate synthetase, or to the incorporation of its ribonucleotide into the RNA,
(or to feedback-inhibition by its nucleosides, or to some other cause), not to
speak of the detailed mechanisms of each of these actions which are still sub-
jects of intensive investigations and controversies. The same can be said of
some still existing differences in results and views concerning the various sites
of action®V of 6-MP.

In the case of some newer agents, e.g., S-azacytidineso) (35), there are
still many discrepancies concerning the results and their interpretation. This
potent antimetabolite of cytidine shows many different types of activities,
including incorporation into RNA and DNA and powerful inhibitory action
on protein synthesis. It has not been possible so far to correlate these effects
and their timing“) and to determine the most significant sites and mechanisms
of action of this antimetabolite.

Another interesting example for the multiple sites of action is that of the
antibiotic tubercidin®? (36). This 7-deaza analogue of adenosine, a highly
active and toxic antineoplastic agent, is readily converted by the appropriate
kinases to the triphosphate, and it is incorporated into both RNA and DNA as
well as into the NAD coenzyme; in the monophosphate form it also acts a
feedback inhibitor of de novo purine synthesis. Surprisingly, the most sensitive
metabolic target of the primary inhibitory action of this truly versatile anti-
metabolite has been identified (for S. faecalis) as glycolysis3?); this was a con-
clusion which “could not have been predicted””2) and which may be of great
significance in future efforts to counteract the toxicity of this drug.
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This “‘multipotentiality” of most classical antimetabolites can be, of course,
both an asset and a liability. It can increase the potency as well as the selecti-
vity of a drug due to the partial inhibition of several consecutive reaction steps;
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on the other hand, it may destroy the selectivity (by increased toxicity) due to
some unexpected side effect. One may say that the clinical use of such antimetab-
olites somewhat resembles a type of combination chemotherapy in which the
component drugs are randomly selected and invariably formulated. However,
the “selection” and “formulation” are governed by the balanced processes of
natural metabolism, and it remains to be seen whether the resulting “combi-
nations” will prove to be more, or less effective in chemotherapy than the
“rational” combinations (e.g., dual antagonists) devised by man. Only time
will tell.

2.7. Some General Rules of Design

The numerous examples shown so far, correlating the structures of various
antimetabolites with their modes of action, should be almost sufficient to illus-
trate the types of structural modifications that can be employed in the design
of classical-type antimetabolites. Therefore, only a brief summary of the
“rules” are presented here, with some typical examples. A previous review of
the author on this subject has been published’®. In addition. the design of
nucleoside antimetabolites has been recently reviewed comprehensively and
critically® D,

A. Isosteric replacement: Isosteres, according to Erlenmeyer’s definition®®,
are “atoms, ions, or molecules in which the peripheral layers of electrons can
be considered to be identical™. Such isosteres were found to be similar to each
other with respect to serological specificity and other types of biologica! activ-
ities. Based essentially on Friedman’s classification®> ), we may group the
biologically important isosteric atoms, “hydrides™® and ions, in Classes
I-IV, and the isosteric “ring-equivalents”4) | in Class V, as shown in the
following table:

Class I F, Cl, Br, I; OH, SH, SeH; NH, ; CHj3
Class I 0, S, Se, Te; NH; CH,

Class 111 N, P, As, Sb, Bi; CH

Class IV C, Si, N', P*, As*, Sb*; (S

Class V CH = CH, S (O, NH)

(in aromatic rings)

Within each class, the atoms or groups have the same “peripheral layer of
electrons” (or, in simpler terms, the same valency), but their dimensions and
polarities show considerable variations; nevertheless, replacement of one with
the other in biologically active molecules frequently leads to compounds
having biological activities either similar or antagonistic to those of the parent
compounds.

In Class I, the most effective isosteric replacement is that of a CHs group
with a Cl, Br, or I atom; F, despite being also an isostere of CHj, is much
smaller in size and, therefore, more effectively substitutes for H. Such replace-
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ment is best applicable to the CHj substituents of aromatic rings because the
resulting aromatic halogens are relatively inert and thus differ less from the
CH; group in their chemical properties (under physiologic conditions) than
the much more reactive alkyl halides. Prominent examples of such isosteric
replacement are the S-bromo and iodo analogues of thymidine (28a, b), the
7-chloro analogue of riboflavin (7f), and 2-chloro-1,4-naphthoquinone, a struc-
tural analogue of menadione (vitamin K3) that has “antivitamin K> activity®’
Interchange of the other members of Class I also frequently results in anti-
metabolites. Replacement of OH with NH, changes tyrosine (37) into its in-
hibitory analogue® 8, p-aminophenylalanine (38), and guanine into 2,6-dia-
minopurine?), an abnormal metabolite undergoing lethal synthesis; however,
more dramatic consequences (already discussed in Section 2.2.) of the repla-
cement of OH with NH, resulted when it was used to change folic acid (4a)
into aminopterin (4b). The reverse replacement of NH, with OH changes
thiamine into the antivitamin, oxythlamme %), Replacement of OH with Cl in
hypoxanthine gives 6-chloropurincs:3 )| an effective antimetabolite. Exchange
of OH for SH in hypoxanthine leads to 6-MP (I 7a, Section 2.3. and Section
2.6.) a useful antileukemic drug. Exchange of OH for CHj in niacin (/4a)

and PABA (Ia) gives their respective antimetabolites, 3-acetylpyridine (14c)
and p-aminoacetophenone’’; exchange of CHj for SH in thymine (39) gives
5-mercaptouracil®®) (MU, 40) a competitive antagonist of thymine in L.
leichmannii

—@—CH;—CH—COOH @«@»CHT?H—COOH
I

NH, NH,
37 38
0 0
O)\N o)\N
H H
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In Class 11, interchange of CH, with —O—, leads to isosteres with biologi-
cal activity. Examples are the isosteric pair, azaserine (8) and DON (9) (see
Section 2.2.), the amino acids canavanine (32, see Section 2.4.), O-methyl-
threonine®?) (47) and O-carbamoylserine®®) (43), competitive inhibitors of
their respective isosteres, arginine (33), isoleucine (42), and glutamine (10);
furthermore, the phosphonate analogues of various nucleotides and other
phosphate estersS* ©5) in which replacement of the ester O with CH, prevents
hydrolysis by the various phosphorolytic enzymes. Similarly, replacement of
CH, with S in lysine (44) leads to an active competitive analogue, S-(amino-
ethyl)cysteine®® (45). Use of Se as replacement for O in hypoxanthine (46)
and guanine leads to the effective (but toxic) antimetabolites 6-selenopurine
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(47) and selenoguanme which resemble 6-MP and thioguanine in their anti-
tumor properties®”. The selenium analogue of Coenzyme A has also been
synthes1zed and was found to have partial activity in substituting for Coen-
zyme AS 8.

CHs CH, COOH COOH COOH
CH;-(0)-C-H CHr@—‘C—H lCH-NH2 lCH—NH2 ICH~NH2
H~1C~NH2 HfllZ—NHZ :cm :cm :CH2
COOH COOH @ @ @
C=0 (CH,), (CHy),
i, it N,
41 42 43 44 45

In Class III, CH and N are interchanged most frequently in aromatic rings,
to give isosteric ring structures such as benzene, pyridine, pyrimidine, pyrazine,
and triazine; pyrrole, pyrazole, imidazole, and triazoie; thiophen and thiazole;
furan and oxazole; as well as the related fused-ring systems. These aromatic
rings are also interrelated through isosteric replacement according to the Class
V rule; thus, benzene is isosteric with thiophen, pyridine with thiazole, etc.
Antimetabolites obtained by this type of isosteric replacement show very close
resemblance in biological properties to the corresponding metabolites and may
act by any of the mechanisms described in Sections 2.2.—2.6. The examples
given there included both aza- and deaza- isosteres of purines, pyrimidines and
other heterocycles (3, 20a, 26, 30, 35, 36); to these we should add virazole
(48), the recently discovered broad-spectrum antiviral agent®. Shift of a
heterocyclic ring-N to other positions in the ring also results in effective anti-
metabolites; an important example is the xanthine oxidase inhibitor, allopuri-
001’9 (49), an isostere of hypoxanthine (46), used as a drug against gout”)
Additional examples are the antibiotic formycin”? (5 0), a C-nucleoside ana-
logue of adenosine with a variety of interesting metabolic activities 52) ,and
1,2-dehydro-1-(2-deoxy-p-D-eryt hropentofuranosyl)- 2-ox0pyrazme 4 0x1de
(51), a potent antimetabolite of deoxyuridine in bacterial systems’?. Replace-
ment of NH with S was illustrated by the metabolite-antimetabolite pair 31b
and a (see Section 2.4.).

Class V ring-isosteres in which a ring CH=CH group is exchanged with an
S atom, are represented by 35-2- thienylalanine®® (52), an analogue of phenyl-
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alanine (5.3), and the reverse change, by pyrithiamines), a long-known anti-
metabolite of vitamin B; (thiamine).
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B. Replacement of hydrogen.: Exchange of a hydrogen atom with any of
the Class I isosteres often leads to antimetabolite activity. Particularly, replace-
ment of H with the spatially similar F results in analogues that are readily
utilized by the various enzymes and incorporated into macromolecules (e.g.,
18a; 29), except, when the F substitutes for an H which would undergo dis-
placement in the enzymic reaction (cp. action of FUDR-P (/8c¢) as inhibitor
of thymidylate synthetase; Section 2.3.).

Replacement of H with OH or NH, leads to a number of effective anti-
metabolites which frequently act as enzyme inhibitors. Thus, f-hydroxyphenyl-
alanine®® (phenylserine; 54b) is a competitive antagonist of phenylalanine
(54a) while both S-hydroxyaspartic acid (55b) and diaminosuccinic acid (55¢)
are antimetabolites of aspartic acid (554) in bacterial systems38). The reverse
change of OH to H, often means the elimination of a potential “reacting”
group of the substrate (see Section 2.2.; B(i)) and produces enzyme inhibi-
tors?), or chain terminators (e.g., 27)%%. This type of modification may also
affect the binding properties (and possibly the positioning) of the molecule
at the active site of the enzyme?.

Replacement of H with CHj frequently confers antimetabolite activity.
Some of the more interesting examples are the methyltryptophans (56--58)
(substituted in the 5- or 6-positions of the ring, or in the f-position of the
alanine side chain) which inhibit competitively the pancreatic tryptophan-
activating enzyme!3; in addition S-methyltryptophan acts as both feedback
inhibitor and repressor of the endogenous synthesis of tryptophan45). Ethio-
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nine (59), the S-ethyl homolog of methionine (60), inhibits protein synthesis,
interferes with the methyltransfer reactions of methionine (vza S-adenosyl-
methlonme) 73)_ and exhibits several other antagonistic effects o,

ITHz IIIH;
@CH—CH~COOH HOOC—CH-CH—~COOH
54a X=H 55¢ X=H
b X=OH 5 X=OH
¢ X=NH,
P
CH LH COOH @—CHZ—S~(CH2)2—(ITH—COOH
NH,
59
56 5-CH,
57 6-CH, e e
58 B—CH, @) ~CH,—S~(CHy),~CH-COOH
NH,
60

C Replacement of carboxyl group: Sulfonic acid analogues of the various
amino acids’® are effective inhibitors of the growth of bacteria, and of the
replication of phage and vaccinia virus. Examples of this series are a-amino-
methanesulfonic ac1d an analog of glycine, and a-aminoisobutanesulfonic acid,
an analog of valine®® . Cysteic acid (61) competitively inhibits the conversion
of aspartic acid (55a), to $-alanine, whereas pantoyltaurin acts as a competitive
inhibitor of the enzymatic conversion of pantothenic acid to coenzyme A.
Orthanilic acid (62) is a reversible inhibitor of the utilization of anthranilate
(63) in the biosynthesis of tryptophan (6a).

s
HO,;S- CH,—CH—~COOH NH, NH,
SO,H CO,H
61 63

3. Non-Classical Antimetabolites

3.1. Definition

The antimetabolites discussed so far are close structural analogues of the cor-
responding metabolites, having generally similar size and shape, and differing
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from the latter usually by one atom or chemical group. However, in the design
of antimetabolites acting as enzyme inhibitors per se, large structural variations
are permissible as long as the minimal similarity to the substrate of that part of
the molecule which binds to the substrate-specific enzyme site is maintained.
Extensive further modifications of the structure of a classical-type antimetab-
olite have sometimes led to more active or, more selective chemotherapeutic
agents. This may be due to favorable changes in the physico-chemical or phar-
macologic properties of the compound (such as ionization, solubility, lipid-
water partition, absorption, distribution, and metabolic stability), or to the
utilization of species differences in some structural details of the target enzyme
present in the parasite and host cells. The latter consideration, based on ex-
perimental results obtained in the area of antifclates (see Section 3.2. B?) was
first pointed out by Hitchings et al. 76 and emphasized again by Baker’”) who
postulated that ,,in order for an antimetabolite to have maximum enzyme
specificity, the greatest possible changes in the bulk of the antimetabolite
should be made that still allow the stereospecific and binding requirements of
the target enzyme to be met”. Such enzyme inhibitors, *“that have a large but
appropriate structural change”, Baker termed “non-classical antimetabolites”,
and, making them the basis of his own systematic and prolific research pro-
gram aimed specifically at the design of active-site-directed irreversible inhibi-
tors (see Section 3.3.), he developed the theoretical concepts and a rational
methodology for this approach

3.2. Non-Classical Antimetabolites Acting as Reversible Enzyme Inhibitors

The activity of a non-classical antimetabolite depends on its ability to complex
with the enzyme in such way as to prevent the formation of a functioning
enzyme-substrate complex. Due to the large changes in the bulk of the molecule
(outside the region which is analogous to the binding site of the substrate),
non-classical antimetabolites usually cannot undergo the enzyme-catalyzed
reaction; i.e., as a rule, they are not involved in “metabolic activation” (see
Section 2.2.); and thus, their only site of action is the original target enzyme.

Theoretically, it is possible to increase both the strength of binding and
the enzyme specificity of non-classical antimetabolites acting as reversible in-
hibitors, by designing the “changed bulk” of the molecule in such way as to
utilize certain polar groups or hydrophobic areas of the enzyme, outside the
active site, as accessory binding regions. However, since the exact conforma-
tional map of the various target enzymes is unknown, the optimal utilization
of such accessory binding regions can be established only by trial and error,
i.e., by synthesizing and testing a large number of derivatives. A systematic
approach to this problem has been developed and demonstrated for several
different enzymes® * 7

At present, there are two different types of antimetabolites, having large
structural changes and acting as reversible enzyme inhibitors, which need to
be discussed here. They are represented by two major classes of important
chemotherapeutic drugs: the sulfonamides and the antifolates.
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A. Semi-Classical Antimetabolites: The Sulfonamides

Soon after the discovery of the ant1bacter1a1 act1v1ty of sulfanilamide (1b),
empirical structure-activity studies revealed’® that substitution of the amide
nitrogen (N*) with heterocyclic base radicals leads to much more active anti-
bacterial agents (e.g., sulfathiazole, (64a) sulfadiazine, (64b) sulfamethoxazole,
(64c, etc). These derivatives have pK, values between 6.5 and 8.4 (compared
with the pK, of 1b at 10.4) and their greater activity was attributed to their
more favorable ionization equilibrium at physiologic pH. According to this
theory, only the un-ionized molecules penetrate the bacterial cell wall, but
only the ionic form competes with the metabolite 1z (which is ionized) in
complexing with the enzyme; thus, sulfonamides that are approximately 50%
ionized at physiologic pH would show the most activity. On the other hand,
accordmg to an alternative interpretation, the antibacterial activity of the
N'.substituted sulfonamides can be correlated with the negative charge dens1ty
of the SO, group. This is increased by electronattracting substituents on N*
due to mcreased ionization, but only up to a point; if the electron- attractmg
power of the N' substltuent is too great, this group will compete with the SO,
group for the electrons surrounding the nitrogen, and the activity decreases’® 89,
Certainly, the heterocyclic substituents influence not only the ionization
but also other physicochemical properties of the drug and may modify the bind-
ing of the molecule to the enzyme surface. However, this was not investigated
at the time. Recent studies® with some of these derivatives (incl. 64¢) indicate
that the relatively bulky heterocyclic groups do not interfere with the utiliza-
tion of the analogue as a substrate in the first step of the dihydrofolate synthe-
tase reaction, that is, the coupling reaction with 7,8-dihydro-6-hydroxymethyl-
pterin. This fact seems to minimize the participation of the bulky group in the
complexing of the analogue with the enzyme, and it is for this reason that we
tentatively consider this group of agents “semi-classical” antimetabolites.

N
H,N @ SONH-R  64a R=—{ ]I
S

N
N
64de¢ R=
0 NCH,

It has been observed several years ago® 1) that cell-free extracts of bacteria

were able to incorporate sulfonarides into “folate-like” compounds. That
this did not constitute a case of “metabolic activation” (see Section 2.3.), was
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evident from the fact that synthetic analogues of pteroic acid or folic acid
containing a sulfanilamide moiety instead of p-aminobenzoic acid (65a, b) did
not show any biological activity®2). Therefore, it was difficult to explain the
well established facts concerning the complete inhibition of folate synthesis
by sulfonamides on the basis of their utilization and conversion by the enzyme
to inactive products, and one was tempted:to dismiss this phenomenon as a
minor “trace” reaction which would not measurably affect the presumed mode
of action of these antimetabolites as enzyme inhibitors. However, the results
of the recent studies® seem to indicate that the inhibitory effect of the sulfon-
amides might be directly related to their enzymic reaction with the pteridine
substrate, resulting in the formation of the inactive *“folate-like” products
(which have been identified, as e.g., 65¢) and, consequently, in the elimination
of the pteridine, provided that the latter is being produced by the bacteria in

a limited amount (see Section 2.2., mechanism A).

o)

N._-CH,-NH —-@-SOZNH—R
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B. Species- and Tissue-Specific Enzyme Inhibitors: The Non-Classical Antifolates

Following the discovery of the classical “a.ntlfolate , aminopterin (4b), it was
found that many other 2.4- dlammoptendmes (e g., 66) as well as a number
of 2 4-dlammopyr1m1d1ne 79 (e.g., 67a—c) and 2 A-diamino-1 2-d1hydro-sym-
-triazine®* (e 8., 68) derivatives behaved like “folic acid antagonists™ in various
bacterial systems: their inhibitory effects were reversible with folinic acid rather
than folic acid. It was subsequently shown that all these compounds inhibited
dihydrofolate reductase. Although they were generally less potent inhibitors
than the classical antimetabolites (4 and c), in contrast to the latter, they
exhibited a wide range of selectivities toward different organisms and were

also able to discriminate between the d1hydrofolate reductase “isozymes”
isolated from cells of different species®?. Of particular interest are the highly
selective and potent inhibitory activities of pyrimethamine (6 7b), and trime-
thoprim (67¢) against certain bacteria and protozoa; these compounds are
important antimalarials. The comparative antibacterial and antiprotozoal activ-
ities and the toxicities (in mice) of these drugs and their various congeners
showed good correlation with their relative inhibitory activities toward the
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dihydrofolate reductases isolated from the corresponding cells and tissues.
There werelarge differences noted even between closely related species in the
binding of the various inhibitors. From these studies, a “composite map” of
the binding regions of these molecules for the dihydrofolate reductases emer-
ged, which identified those binding regions that are common to all and those
that are different for the different species82 .

In addition to their species selectivity, another important property of
these non-classical antifolates is that, lacking the glutamate moiety, they are
capable of crossing through the cell membranes via passive diffusion*®) and,
thus by-passing the active-transport mechanism on which the cellular uptake
of the classical antifolates depends*® . Recent studies®® of the pharmacokine-
tic behavior of 672 and b in animals have shown that these drugs rapidly pass
through the blood-brain barrier and can be maintained in the brains at con-
stant and high concentration levels. Particularly 672 (DMP) showed promise
for the clinical treatment of meningeal leukemia which is inaccessible to the
classical antifolates.

NH, NH,
O, e X
H,N“SNT SN ¢ -H;N7 N7 SR
66 67¢ R=CH; X=3,4-di-Cl

b R=CH, X=4Cl
¢ R=H X = 3,4,5-tri-OH
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NJ\N—-—(: :>—Cl
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CH,
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In the course of a systematic exploration7) of the “bulk tolerance” of
dihydrofolate reductase, it was discovered that there was a hydrophobic bind-
ing region in the area adjacent to the active-site, which was responsible for
the significant contribution of the non-polar side-chains of the 2 4-diamino-
pyrimidine (67) and sym-dihydrotriazine (68) type inhibitors to this enzyme.
Consequently, these nonclassical antimetabolites of folic acid are bound af the
active site in a “‘rotomer” position in order to allow their side chains to take
an approximately rectangular position with respect to the normal orientation
of the glutamate-bearing side chain of folic acid or its classical antimetabolites
on the enzyme surface. In exploring further this hydrophobic binding region
of the enzyme, a large number of 2 ,4-diaminopyrimidine and 2 4-diamino-sym-
dihydrotriazine derivatives were synthesized which contained a variety of long,
non-polar side chains linked to the 5-position of the heterocycle. Some of
these compounds showed a high degree of selectivity toward various dihydro-
folate reductases not only from different species but also from different
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tissues of the same organism®® 87)_ This tissue-selectivity of these inhibitors
apparently resulted from the utilization of fine structural differences of the
hydrophobic region of the isozymes from different tissues. Several of these
reversible inhibitors showed extremely high potency and selectivity against the
dihydrofolate reductase of transplanted tumors, and their i vivo antitumor
effects correlated with the i vitro results. The structure of the “best™®” re-
versible antifolate resulting from this work is shown below (69).

NH,EtSO;H

CON(CH,),

69

Recently, apparently prompted by the promising biological activities' s 1%
of the classical-type quinazoline analogues of folic acid and aminopterin (see
Section 2.2., 3a—d), intensive research programs have been started in several
laboratorles88 =93 0on the synthesis and evaluation of 2,4- -diaminoquinazoline
derivatives as non-classical antimetabolites of folic acid. During the past two
years, an enormous number (probably close to 1000) of different alkyl, aryl
and heterocyclic substituted 2,4-diaminoquinazolines have been prepared and
reported, — which may reflect, in part, the relative ease and elegance of the
general method of syn’ches1s8’9 91) as well as the unusually high ratio of the
biologically active compounds obtained in this series, by either sophisticated
or routine structural modifications. It seems that, basically, some of these
compounds may have been modelled after pyrimethamine and DMP (675, a),
as they often retain even the 3 ,4-dichlorophenyl moiety of the latter at the
end of their side chains, in addition to the essential 2,4-diaminopyrimidine
nucleus (fused to a benzene ring in the case of the quinazolines). A large
number of these derivatives were reported to posses unusually potent, even

“prodigious” 2) antibacterial and antimalarial activities (being 200—1160
times more potent than quinine against Plasmodium berghei in mice). They
act as inhibitors of dihydrofolate reductase but do not exhibit cross-resistance
with other antifolates such as pyrimethamine; many of these compounds were
highly effective against drug-resistant malaria and Chagas’ disease®?. In addi-
tion to the quinazolines, other 2,4-diaminopyrimidino-fused ring systems are
also being currently synthesized and evaluated as antifolates and antimalar-
jals94-96), At this point, it is not possible to survey this field of rapidly mov-
ing research which, in its present phase, seems to be largely empirical.
However, in view of its apparent success, this work is bound to advance
further our understanding of the modes of action and structure-activity rela-
tionships of non-classical antimetabolites, and to produce new leads for the
“rational”” design of future drugs for chemotherapy. 1t should be remembered
that it was the “rational approach”, based on the concepts of antimetabolites
and of dihydrofolate reductase inhibitors as chemotherapeutic agents, that has
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led into and opened up these new, rich fields of potent antiparasitic drugs which
are currently being explored.

3.3. Active-Site-Directed Irreversible Enzyme Inhibitors

The concept of active-site-directed irreversible inhibitors has been stated® by
Baker as follows: “The macromolecular enzyme has functional groups on its
surface which logically could be attacked selectively in the tremendously ac-
celerated neighboring group reactions capable of taking place within the rever-
sible complex formed between the enzyme and an inhibitor substituted with

a properly placed neighboring group”. Thus, the interaction of the inhibitor
with the enzyme takes place in two steps: (1) formation of a reversible enzyme-
inhibitor complex, and (2) chemical reaction between the reactive (alkylating)
group of the inhibitor and a nucleophilic group on the enzyme surface, resul-
ting in the formation of a covalently linked, irreversible enzyme-inhibitor com-
plex. Due to the structural differences between “‘substrate-identical” enzymes
of different species and tissues in regions outside their active sites, it is possible
to seek out as a target a nucleophilic group of the enzyme surface in a confor-
mational position (relative to the active site) that is specific for the enzyme of
the parasite cell, and to design the inhibitor molecule in such a way that its
reactive substituent should be placed in juxtaposition with this target when
the reversible complex is formed. Such design would provide the irreversible
inhibitors with an “extra dimension of specificity” which reversible inhibitors
cannot possess; this was termed the “bridge principle of specificity””.

Based on this concept, an impressive amount of pioneering work has been
carried out during the past decade. The nature of the binding sites and the
“pbulk tolerances™ in the areas adjacent to the active sites of several enzymes
have been explored, and some potent and selective inhibitors were synthesized
by this systematic approach, which seems to have been carried the farthest
and with the most success in the cases of dihydrofolate reductase®® and ade-
nosine deaminase® . For authentic accounts of these highly interesting investi-
gations, a monograph”) and three, more recent review articles® 89 of the
original investigators should be consulted.

Finally, it may be worthwhile to point out that one of the most successful
chemotherapeutic drugs provided by nature may be considered as a non-classi-
cal active-site-directed irreversible inhibitor: This drug is penicillin (70). As a
non-classical antimetabolite of D-alanyl-D-alanine, it first forms a reversible
complex with the enzyme peptidoglycan transpeptidase, and then by a ring-
opening reaction of its g-lactam moiety, it forms a covalently linked penicil-
loyl-enzyme complex®7). However, the reaction involves the acylation of a
sulfhydryl group in the active site of the enzyme; in this respect, 70 resembles
the classical-type “endoalkylating” antimetabolites, azaserine and DON (8 and
9, see Section 2.2.). Some of the more recently discovered antibiotics and
natural products from plants with antitumor activity (e.g., camptothecin) are
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potential acylating agents, and in view of their highly specific, complex struc-
tures, they might be found to provide ideal examples for the “bridge principle
of specificity”, — once their modes of action become known.

il H
R-C-N S« CH,4
] }fcaa
(0] N COOH

4. Dual Antagonists
4.1. Aggregate Analogues

The suggestion that ““antimetabolites of unusual and desirable properties may
be made by combining in one molecule two analogs of metabolites concerned
in closely interrelated and vital functions of living cells” was first made by
Woolley?®). To demonstrate this, he synthesized certain “aggregate analogues”
of p-aminobenzoic acid and dimethyldiaminobenzene (the latter was assumed
to function as a metabolic precursor of both vitamin By, and riboflavin); theses
compounds showed potent inhibitory effects in the Staphylococcus aureus test
system which, however, could not be reversed either by the structurally related
metabolites or by the presumed products of the inhibited reactions. Thus, the
actual site(s) and mode(s) of action of these “aggregate analogues™ could not
be determined.

4.2. Analogues Structurally Related to Two Metabholites

A different type of combination of the structures of two vitamin analogues in
one molecule has led to the synthesis of 2,4-diamino-6,7-dimethyl-2 4-deoxyal-
loxazine (71), the diamino analog of lumichrome®®. This antimetabolite is
structurally related to riboflavin (72) as well as to the “antifolic” 2,4-diamino-
pteridines (66). Its potent inhibitory action in Lactobacillus leichmannii was, at
low concentrations of the inhibitor (0.2-2 ug/ml), competitively reversible

with folinic acid alone, but at higher concentrations of LXXI (2—5 ug/ml) both
folinic acid and riboflavin were required for reversal. In the Lactobacillus
arabinosus test system (which does not utilize exogenous folate compounds),
thymidine showed non-competitive (product-type) reversal of the inhibition at
low concentrations of 71, while thymidine together with riboflavin were effec-
tive in overcoming the inhibition at higher concentrations of the inhibitor.
Thus, it appears that 7] acts as a competitive, reversible inhibitor for two
enzymes, presumably dihydrofolate reductase and riboflavin kinase, but has a
much greater affinity for the former; the first enzyme is saturated with the
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inhibitor, before (at the higher concentrations) the competition of 71 with
riboflavin for the second enzyme becomes significant.

NH,
/l*N SN CH,
71

This approach has the possible advantage over using a combination of two
inhibitors, that it eliminates all the pharmacokinetic variables and synchronizes
the inhibitory action at the two enzyme sites. However, there is a competition
between the two enzymes for the inhibitor, since each molecule of the latter
can bind only to one enzyme; therefore, the relative extent of inhibition of
the two metabolic reaction steps depends on the relative affinities (ratio of
the K; values) of the inhibitor for the two enzymes. This, of course, is deter-
mined by the structure of the inhibitor, and it should be amenable to change
via structural modifications (e.g., by providing 71 with a hydroxyalkyl side
chain and thus making it more closely similar in structure to riboflavin and
more antagonistic to it). Although this approach has inherent limitations in
scope, its further exploration appears to be of interest.

4.3. “Dual Antagonists’’ Providing Two Separately Acting Drugs

With the purpose of utilizing the theoretical advantages of combination chemo-
therapy with optimal effectiveness and selectivity, antimetabolites have been
designed in which the biologically essential structural moieties of two different
but synergistic antitumor agents are covalently linked to each other, in such
manner that they can function separately. Such compounds, termed “dual
antagonists”, are designed to synchronize the action of the synergistic com-
ponents and thus overcome differences in absorption, distribution, and elimi-
nation that would negate or weaken any potentiation arising from simultan-
eous block of metabolic pathways at several points. Furthermore, the possibi-
lity exists that if two inhibitors, directed against the same biochemical mecha-
nisms or cellular structures but possessing different degrees of selectivity, are
coupled chemically, the more selectively localizing component may prevail in
directing the distribution of the molecule as a whole. As a result, the less selec-
tive (but often more potent) component may reach concentrations at the de-
sired point of attack that could not be attained by the same inhibitor in its
free state below its toxic dosage. In particularly favorable cases, both synergis-
tic components may be released at the desired point of attack gradually and
simultaneously, providing for a prolonged local action'®® 10

Based on this rationale, a series of bis(l-aziridinyl)phosphinyl carbamates
was synthesizedlm) in which “alkylating” ethylenimine derivatives were
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linked to urethan, an antimetabolite of pyrimidine biosynthesis. Previous
studies!®® in animal tumors had indicated that urethan is synergistic with
alkylating agents, and it had been strongly suggested in the concluding state-
ments of the New York Academy of Sciences Conferences on Alkylating
Agents!0% 105 )| that combinations of alkylating agents and urethan should
receive clinical trlal

R, R, R; R,
0
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72 R;=R,=R3=R4=H Rs=ethyl (AB-100)
73 R;=Ry=R3=Ry=H R 5=benzyl (AB-103)
74  R;=R,=CHj R3=R4=H Rs=cthyl (AB-132)
75  R;=R3=CH3 Ry=Ry=H (cis)  Rs=ethyl (AB-144)
76 R1=R4=CH; Ro=R3=H (trans) Rs=cthyl (AB-145)

Several members of this “dual antagonist™ series showed marked antitumor
activities in experimental animals and in man. In both the pharmacologic and
subsequent clinical studies, 72 and 73 (in which the aziridine ring carbons are
unsubstituted methylene groups) were found to behave essentially like the
typical “ethylenimine-type” alkylating agents (e.g., TEPA, or thio-TEPA).
Thus, their potent mh1b1tory activities against a spectrum of transplanted
tumors in rodents*®*~1%® their marked chemotherapeutic activities in
various human malignanmes109~ 12 and their dose-limiting hematologic
side-effects, could be attributed to the “alkylating” aziridine function, while
the carbamate portion of the molecule appeared to act mainly as a membrane
transport carrler or as a hydrophobic “binding” group in a more or less
selective manner!®®. This was suggested by the fact that the benzyl carba-
mate analogue 75 appeared to be more effective than the corresponding ure-
than analogue 72 against several but not all animal tumor systems as well as
in the clinical studies against carcinomas of the lung 19) and pancreas’!
Chemical and NMR studies revealed that during the slow hydrolysis of the
aziridine rings of 72 in water at 37 °C (which requires about 8 days for com-
pletion) only 13% of the urethan moiety is liberated while most of the ure-
than remains attached to the phosphorus in the polymerized hydrolysis prod-
uct!'?. This explains why, at the low dose levels (limited by the toxicity of
the C-unsubstltuted -aziridinyl function), a direct pharmacologic effect attri-
butable to urethan could not be demonstrated.

Introduction of methyl or ethyl substituents into the azmdme rings gener-
ally reduced both the toxicity and the antitumor activity in most of the test
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systems, The 2,2-dimethylaziridine analogue 74 showed unique chemical as
well as pharmacologic properties in this series’ 19 Chemical studies indicated
that this compound undergoes a very fast ring-opening hydrolysis reaction by
a carbonium jon (Sy1) mechanism!99), followed by intramolecular cyclization
and subsequent cleavage of all P-N bonds with quantitative liberation of ure-
than''® . At the same time, this compound is also capable of participating in
alkylation reactions by an Sy 2 mechanism at its unsubstituted ring carbon,
and it was shown to inhibit the DNA-directed RNA polymerase from M. lyso-
deikticus*'® .

Although some significant objective clinical results were obtained with 74
alone, particularly in inoperable bronchogenic carcinoma’!” 118) | the rems-
sions obtained were of relatively short duration. However, unusually favorable
responses were observed when some patients, after completion of a course of
74 therapy, were treated with X-irradiation!!?). The radiation-potentiating
effect of 74 was also observed in animal experimentsuo) as well as in the sub-
sequent clinical studies in a large number of cancer patients'?! =12

According to our present view, the radiation-potentiating effect of 74 may
be due to the release of urethan in an “activated” (probably, hydroxylated)
form. N-hydroxyurethan is known to be similar to N-hydroxyurea in its action
as an antimetabolite of DNA biosynthesis. Based on this hypothesis, a new
series of dual antagonists was recently synthesized in which the bifunctional
alkylating moieties of 72 and 74 were linked to N-hydroxyurethan instead of
urethan. Preliminary screening results against animal tumors indicate that
these new compounds are much more effective antineoplastic agents than the
original series of dual antagonists.

This approach, as compared to the one described in Section 4.2., has a
similar pharmacologic rationale, but it is much more flexible in its application
and much broader in scope. So far, only a few other types of dual antagonists
have been synthesized, including several diaziridines!?4) and a series of “arseni-
cal nitrogen mustards”!?%), and the results available to date are not sufficient
to allow definite conclusions concerning the mode of action of these agents.
More work is required in this promising area to confirm the validity of the dual
antagonist concept and to explore its further applications in the design of new
chemotherapeutic agents.

5. Macromolecular Antimetabolites: Antitemplates

The antimetabolites discussed so far, are all compounds of relatively small
molecular weight. In the majority of cases, they act by competitively inhibi-
ting the metabolic transformations of the analogous normal metabolites which
usually are intermediates (precursors) or cofactors in the biosyntheses of
nucleic acids and proteins. In some other cases, the inhibitory action of the
antimetabolites is a consequence of their incorporation into the macromole-
cules (see Section 2.3. B); however, also this type of action depends on their
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competition with the normal precursors at the small-molecular (monomer)
level. Thus, in order to act selectively, the antimetabolites have to be able to
exploit certain biochemical differences between the host and the parasite at
the level of intermediary metabolism. If the parasite is a cancer cell, such dif-
ferences are mostly quantitative rather than qualitative; one would expect,
however, that the significant, qualitative differences between the neoplastic
and normal cells can be demonstrated at the primary level of genetic expres-
sion and information transfer, that is, in their DNA and RNA molecules. It
may be possible 1o exploit the differences between the nucleic acids of the
neoplastic and normal cells by preparing structural analogues of the former
that would interfere with their functions as templates, messengers or amino
acid-transfer RNAs. Such structural analogues of the informational macromole-
cules may act in an essentially similar manner as the conventional antimeta-
bolites, i.e., by competing with the functional templates for complexing with
the DNA and RNA polymerases (particularly, with the “reverse transcriptases”)
of the cancer cells and forming non-functioning complexes with these enzymes.
Therefore, such analogues may be considered as a new class of “macromole-
cular antimetabolites” and will be termed “antitemplates”.

Based on this concept126), a method has been recently developed which
permits the selective introduction of a reactive 5-mercapto substituent into
some of the cytosine and/or uracil bases of DNA and RNA molecules without
causing degradation or any other chemical alteration'?”> 12%)_ The partially
thiolated synthetic and natural polynucleotides were found to be potent in-
h1b1tors of DNA-directed RNA polymerase (from Micrococcus lysodeik ticus)

) E. g., a partially thiolated DNA caused 75% inhibition at 10 ug/ml con-
centration, in the presence of 100 ug/m! (unmodified) DNA template. The
inhibition was, in the presence of mercaptoethanol, partially reversible by the
(unmodified) DNA template in a concentration-dependent manner, but was
irreversible without the addition of mercaptoethanol. The results suggested
that the partially thiolated polynucleotides act by competing with the DNA
template for the “template site” of the enzyme. In the absence of mercapto-
ethanol, covalent binding vie mixed disulfide linkages may take place between
the inhibitor and the enzyme, thus causing irreversible inhibition'2®). On the
other hand, DNA polymerase I from regenerating rat liver (which is insensitive
to sulfhydryl reagents) was inhibited by thiolated polynucleotides in a revers-
ible manner. In this system, a modified DNA isolate from Ehrlich ascites A
tumor cells, with 3.9% of its cytosine bases thiolated in the S-position, showed
the highest inhibitory activity; this inhibition was competitively reversed by
the corresponding unmodified DNA isolate used as template (K;/K,,, = 0. 5)129).
In contrast to both aforementioned polymerases, the DNA polymerase of
E. coli-K, was not inhibited by partially thiolated polycytidylic acids'®®.

Partially thiolated polycytidylic acid (MPC) and various thiolated DNA
and RNA isolates inhibited the DNA polymerases of tumor viruses and showed
some significant selectivities' 2% '3 (see the article by Dr. Chandra in this
volume for more information). Stud1es of the effects of two, partially thio-
lated polyribonucleotides on the various types of DNA polymerase activities
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from cultured human Burkitt lymphoma cells further confirmed the selective
inhibitory action of these template analogues' 30,

These studies demonstrated that (I) even a relatively minor chemical modi-
fication (e.g., introduction of a 5-mercapto group into the cytosine base of 1
out of 100 nucleotide units) can convert a functional DNA or RNA template
into a potent, competitive inhibitory analogue (antitemplate) which will bind
to the template site of a polymerase either reversibly or irreversibly, and (2)
even such antitemplates that are not made to be specific structural analogues
of a “natural” template (e.g., MPC) can differentiate between various poly-
merases. However, there are already some indications that antitemplates more
closely related to the “natural” template of a given polymerase are more ef-
fective inhibitors of the latter, and it is expected that modified nucleic acids
of viruses and tumors will show even much greater selectivities toward the
corresponding “reverse transcriptases” in the presence of their endogenous
templates.

Some of these antitemplates have shown significant cytotoxicity in bac-
terial and mammalian cell culture assay systems!26). There is considerable
evidence in the literature'3%) that bacterial and mammalian cells are capable
of taking up intact DNA and RNA molecules. It has been suggested recently
that ““one approach to cancer chemotherapy may be the uptake of normal
RNA molecules or specifically defined oligonucleotides!33) *From the point
of view of cellular uptake, the increased resistance which these antitemplates
demonstrated toward the action of various nucleases appears to be particularly
fortuitous.

Different types of antitemplates can be and, presumably, will be, synthe-
sized by employing other chemical reactions that are sufficiently mild and
selective for the modification of polynucleotides. Another approach to this
problem is, of course, to synthesize an appropriately modified nucleoside
triphosphate and utilize it as one of the substrates in a DNA or RNA polymeriz-
ing system, in the presence of the specific template for which an antitemplate
is to be made. The enzymatic synthesis method has some obvious advantages;
however, the inhibitory activity of the product (antitemplate) may limit its
applications.

6. Conclusions

The developments in the antimetabolite field during the last few years have
been truly exciting. One almost has the feeling that, after the decades of wan-
dering in the desert, we may have, at last, reached the “promised land”. Im-
portant advances have been achieved on all fronts.

In the area of classical antimetabolites, a host of highly active new nucleo-
sides have been found that show promise in the chemotherapy of cancer and
viral diseases. Classical antimetabolites appear to have a virtual monopoly in
the field of antiviral agents. After the discovery of the first effective drugs
against_the Herpes virus (28b, ¢; 25), a new breakthrough may have been
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achieved recently with the appearance of the first broad-spectrum antiviral
drug (48). The classical antimetabolites have maintained their unquestionable
lead also in the field of antineoplastic agents, although they have failed so far
to provide really effective and selective drugs for clinical use against cancer.
In addition to the nucleoside analogues, some new classical-type antimetab-
olites of folic acid (32—d, 34) are of considerable interest per se and because
they have also provided new leads for the non-classical approach. Allopurinol,
although not a chemotherapeutic agent in the sense of Ehrlich, is another
important drug that emerged from the classical antimetabolite approach.

The non-classical antimetabolite approach, on the other hand, appears to
have struck gold recently in the field of antimalarials as well as other antiproto-
zoal and antibacterial agents. If the reported animal screening results are any
indication of the therapeutic usefulness of the new 2 4-diaminoquinazolines
and related compounds, then one would think that the goal of eradicating
these parasitic diseases is in sight.

The dual antagonist approach is relatively new, but it has already produced
several new anticancer agents which have been showing promise in the clinical
trials. This, in itself, is sufficient reason for continuing on with the exploration
of this approach, of its further possibilities, or limitations.

The antitemplate approach is, of course, still in the stage of exploratory
research. It is certainly an exciting new approach. There is need for new ap-
proaches, and hopefully, some more of them will emerge in the near future.
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Introduction

Information transfer in biological systems usually involves transfer from DNA
to DNA (DNA replication), DNA to RNA (transcription) and RNA to protein
(translation). Most RNA viruses have an additional mode of passing information:
RNA to RNA (RNA replication). RNA tumor viruses have yet another additional
way of passing information: RNA to DNA (reverse transcription).

The discovery of reverse transcriptase in oncogenic RNA viruses!> 2) and
human leukemic cells®) opens a new horizon for the study of the role of viruses
in cancer. It may eventually enable us to design useful drugs for the selective
chemotherapy of cancer. The RNA-dependent DNA polymerase, or reverse
transcriptase, of virions is responsible for the synthesis of DNA chains on the
RNA template, which give rise to a hybrid molecule (RNA-—-DNA). These
chains are released from the RNA template as single-stranded DNA molecules
and serve as the template for the synthesis of double-stranded DNA (Fig. 1).

VIRAL RNA

RNA-dependent
DNA polymerase

RNA [
DNA

RNA-DNA Hybrid

J

Complimentary DNA

DNA -~ dependent
DNA polymerase

DNA

double - stranded DNA
DNA - dependent
RNA  polymerase

— INCORPORATION
into
/ VIRAL RNA celiuiar DNA
VIRAL PROGENY TRANSFORMATION

Fig. 1. Schematic representation of DNA synthesis in RNA tumor viruses
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During the last decade, considerable progress has been made in the chemo-
therapy of cancer. This is a highly specialized field in which hundreds of investi-
gators from various scientific disciplines cooperate. As a result of this tremen-
dous scientific activity, numerous compounds have been synthesized and
screened for antitumor activity; a few have proven to be useful against some
types of human cancer. These compounds are mostly of an antimetabolic
nature, such as purine and pyrimidine analogues and their cytotoxicity has
precluded their use in human patients. The group of antitumor antibiotics is
unfortunately no exception to this generalization, as exemplified by mitomycin
and actinomycin D which, though effective against some human tumors, are
highly cytotoxic. It is therefore desirable to look for new compounds in which
a low cytotoxic effect accompanies high antitumor activity.

Cytotoxic activity, like cytostatic and antiviral activity, requires specific
structural entities in 2 molecule*="). All these activities may be derived from
the same structural moiety, or various parts of the molecule may be responsible
for them. Thus, structural modifications in an antitumor compound are extremely
useful for
a) studying its mode of action, and
b) developing derivatives showing promise for the future chemotherapy of cancer.
We report the role of chemical structure in the inhibition of DNA polymerases
from RNA tumor viruses, viral multiplication and tumor growth by some anti-
tumor compounds and their structural analogues.

1. Distamycin A

Distamycin, a mixture of antibiotic substances exhibiting predominantly anti-
fungal activity, was obtained by submerged fermentation and butanol extrac-
tion of the mycelial mass of a Strepfomyces sp. An amorphous product (frac-

H;N—ﬁ—ﬁ\IH-CHZ——ﬁ—NHU .
NH 0 N CONHU /
| N CONH = CH, = CH. =

CH, [

Netropsin CH; NH,
¢
A\
/C—‘NH[U
CONH

H N | . NH

! N CONH *‘[ | Vi

CH, | N lfONH‘CHZ—“CHZ—C\

} ' CH, | NH,

Distamycin A CH,4

Fig. 2 Chemical Structures of Pyrrole-Amidine antibiotics
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tion A), showing a positive Ehrlich reaction and a typical ultraviolet spectrum,
was separated from the other active components by solvent fractionation and
chromatography on aluminium oxide! V. Partially purified preparations of this
fraction, obtained during isolation investitions, were found to inhibit in various
degrees some experimental tumors in mice'? and to interfere with the process
of cell division in vitro'®). The ultraviolet and infrared spectra of these prepara-
tions showed some similarities with the antibiotic netropsin. Chemical investi-
gations”) indicated that the structure of distamycin A is characterized by
three residues of 1-methyl-4-aminopyrrole-2-carboxylic acid and two side
chains (Fig. 2).

Other compounds which have been isolated from the fermentation broths
of S. disthallicus are netropsin (Fig. 2) and a simple pyrrole derivative devoid
of biological activity. Netropsin (synonium congocidin) was reported in 1951,

10 T T — T T L T T T

1 L 1 i 1 1 L \\>4 1
220 230 240 250 260 270 280 290 300 310
A (nm)

Fig. 3. UV-absorption spectra of E. coli DNA in 0.02 M KCl without (/) and with (2)
distamycin A at 25 °C and 90 °C. Chandra et al.22)
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and its structure was definitely established by Julia and Joseph!$). Netropsin
appeared to be primarily active against both gram-positive and gram-negative
bacteria, and against protozoa, but the compound is also endowed with anti-
viral properties 17 18),

The influence of distamycin A on the UV-absorption of DNA is shown in
Fig. 3. The absorbance of DNA decreases in the presence of distamycin A.
This effect is dependent on the antibiotic/DNA-P ratio (7). After thermal
denaturation, the absorbance reaches a constant value.

The ultraviolet absorption spectra of the distamycin-DNA systems beyond
300 nm at ionic strength of 0.01, pH 7.0 has also been studied*®). When in-
creasing amounts of DNA were added to the distamycin solution, the absorp-
tion maximum was shifted from 303 nm to longer wavelengths. The redshifts
depended on DNA concentration. At a distamycin/DNA-P molar ratio close to
0.1, native DNA caused a red-shift of the absorption maximum of about 18 nm.
These spectral changes were not inhibited by 10~ M magnesium ion..A similar
effect of DNA on the absorptlon spectrum of distamycin was observed by Zim-
mer et al *® and by Krey ez al.2"). These spectral changes have been interpreted
in terms of a contribution of the system of the chromophore to the binding
process with DNA.

The effect of the oligopeptide antibjotic on the helix-coil transition of
DNA is demonstrated by thermal melting of the DNA-distamycin complex.

As shown in Fig. 4, the melting profile of native DNA shifts towards higher
temperatures with increasing antibiotic concentration. The hyperchromicity

T T T T =T T b=
PSSy

16}

151

&
Distamycin
(r~0s) /

g /
T4t \//

denaturea DONA —

r-o /GL,A//O# '. r=10
o 134 2 -
W a/
= J
W /"{(/ L4
o0 ;
X
12} // e
4.-—&'”/
17+ g
X
L > Y ‘e O o0 1
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Fig. 4. Melting temperature of native and denatured calf thymus DNA m 0.02M KClin
the presence of various distamycin A/DNA-P ratios (r). Chandra et al?
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also increases from 40 to about 60% when r is raised fromr=0tor=1.1tis
interesting to note that denatured DNA shows a cooperative transition and a
hyperchromicity of 60% in the presence of distamycin A. From these results
we conclude a strong binding of distamycin A to DNA.

The exact mode of binding of distamycin A to DNA has been further
studied by Chandra et al 23) using DNA-cellulose columns. The DNA-celtulose
column chromatography was carried out as described by Inagaki and Kage-
yama®*. Fig. 5 shows the chromatographic behaviour of distamycin A on a
DNA-cellulose column. The unbound distamycin was completely removed by
washing the column thoroughly with a standard buffer containing no NaCL
Using the gradient elution technique, the elution pattern of compound 1
showed two peaks centered at about 0.25 M—1 M in NaCl gradient and at
about 3 M—4.5 M in urea gradient respectively. Similar behaviour was found,
when the elution was carried out stepwise. The recovery was almost quantita-
tive. The purity of the compound was checked by thin-layer chromatography.
It is, therefore, unlikely that the elution pattern can be attributed to a mixture
of two different molecular species.
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Fig. 5. DNA-cellulose chromatography of distamycin A. An excess amount of distamycin
A was loaded into a 0.6x4 cm DNA-cellulose column. After washing the column with the
buffer, elution was carried out with a linear gradient (0—2M) of NaCl in 100 ml of 0.01 M
Tris-HCl (pH 7.0) containing 0.001 M EDTA, followed by 30 ml of 2M NaCl, and subse-
quently with a linear gradient (0—-7 M) of urea in 200 m! of former eluent. This experi-
ment was carried out at room temperature. Flow rate 36 mi/h. Recovery was 96%

This finding suggests the occurrence of at least two modes of interaction
between antibiotic molecules and DNA; an electrostatic binding mode involv-
ing probably the DNA phosphate groups and a stronger binding mode requiring
urea for dissociation. This type of interaction may involve some other kinds
of forces, such as hydrogen bonds and hydrophobic associations.

1.1. Structural Analogues of Distamycin A

Synthetic analogues of distamycin A may be divided into two major classes.

104



Molecular Approaches for Antiviral and Antitumor Compounds

To the first class belong those analogues which, unmodified in the side chain,
contain a different number of residues of 4-amino-1-methylpyrrole-2-carboxylic
acid. In the second class are considered those analogues which show modifica-
tions in side chains of the distamycin molecule. These modifications have been
achieved either in the propionamidine side chain, or in the formyl-amino side
chain. These analogues have been synthesized by Arcamone ef al. 25 26),

1.1.1. Analogues with Different Number of Pyrrole Residues

The initial compound of the series (# = 1) was obtained?® from g-(1-methyl-
4-nitropyrrole-2-carboxamido)-propionitrile. This compound is completely
devoid of biological, as well as biochemical activity. Compounds containing
at least two (# = 2) or more pyrrole groups are of great interest to study
structure-activity relationship in various systems. The present study describes
the biochemical basis of action of distamycin analogues containing two or
more pyrrole groups (Fig. 6).

O\C M
H L ~ H AN
C- N4 CHy-CHy-Cor CI
/}/ ) \NH2
by |

n=2 Dist/2

n=23 Dist/A

n=4 Dist/4

n=35 Dist/5

Fig. 6. Distamycin A analogues with different number of pyrrole residues

Fig. 7 compares the effects of native and denatured DNA, and of RNA on the ultra-
violet spectra of the oligopeptide antibiotics containing 3, 4 and 5 pyrrole rings. Three
general observations contained in this figure need emphasis.

First, yeast RNA and (in the case of distamycin-A) apurinic and apyrimidinic DNA
at 7 = 0.025 did not change the characteristic absorption band of the free compounds.
The absorption spectrum of distamycin-5 was enhanced in the presence of RNA.

Second, heat-denatured DNA at pH 7.0 bound all the cormpound tested and, at
corresponding values of “#”, the spectra of the bound antibiotics were similar to those
found with native DNA.

Finally, in each case, the red shift of the characteristic absorption band was accom-
panied by an increase in the intentsity of the absorption maximum. This hyperchromic
effect depended upon DNA concentration and became more pronounced as the number
of pyrrole residues in the distamycin molecule increased. Under identical conditions of
“r” and ionic strength, the spectral changes induced by denatured DNA were somewhat
weaker.

The differences in hyperchromic effect can hardly be attributed to differences in the
stability of the compounds tested, as the spectra of the compound both in the absence
and in the presence of DNA wetre read immediately after preparation.

These observations provide strong support for the view that the chromophore of the
antibiotic contributes to the binding mechanism.
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Fig. 7. Effect of native DNA, denatured DNA and yeast RNA on the ultraviolet absorp-
tion spectra of distamycin (A), distamycin/4 (B) and distamycin/5 (C), in 0.01 M Tris-
HC1 buffer (pH 7.0). Cuxve ! is the spectrum of free antibiotics. Other curves are spectra
of the antibiotics in the presence of yeast RNA (curve 2), denatured DNA (curve 3), na-
tive DNA (curve 4), apurinic acid (curve 5) and apyrimidinic DNA (curve 6) at a molar
antibiotic/nuclei acid-P ratio of 0.025. Chandra et al?

Concerning the relatjionship between the above contribution and the number of
pyrrole residues, an attempt was made to investigate whether the extent of binding and/or
the affinity for DNA could be affected by the number of pyrrole residues. The results
obtained by the displacement of methy! green from its DNA complex by distamycin,
reported by Krey and Hahn?! , suggested that methyl! green and distamycin attach to
the same binding site of DNA. We observed similar displacement reaction with dista-
mycin/4 and distamycin/5. In addition, a comparison of the rates of displacement sug-
gested an increase in relative affinity for DNA of the compound distamycin/5 with re-
spect to distamycin. Furthermore, an increase in the ability to displace methyl green by
increasing the number of pyrrole residues was abserved, indicating an increase in the
extent of binding of displacing compounds to DNA.

These data are in good agreement with those of Zimmer et al.*® and
Chandra et al.29), who found that the stabilizing action of distamycin on DNA

increased with increasing number of pyrrole residues.

Table 1. Cytotoxicity and antiviral activity of the distamycin derivatives

Compound Pyrrole % Inhibition of vaccinia Cytotoxicity )
rings virus multiplication!)

Distamycin/2 2 13 100

Distamycin/A 3 1002) 1002)

Distamycin/4 4 400 50

Distamycin/5 5 1000 25

1y Activity calculated with respect to distamycin A considered = 100.
2) Absolute values (/D sgmeg/ml): Cytotoxicity = 80; WR = 2,
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The cytotoxicity of distamycin derivatives was estimated on the basis of the morphological
modifications induced in HeLa cell cultures, after incubation for 40 h in Hanks’saline solu-~
tion + 0.5 % lactalbumin hydrolysate + 5% calf serum (HLS). Assay on vaccinia virus:
Cultures of HeLa cells (grown in HLS medium) or mouseembryo cells (grown in HLS
medium plus 0.1% yeastolate) infecte;d with vaccinia virus gStrain WR/ATCC) were used.
Preliminary assays were made according to Herrmann ef al. 0), Subsequent studies were
carried out by assessing the inhibition of plaque formation (ECP) as well as the inhibition
of infectious virus production in test tube cultures treated with the compounds for 40 h
after the absorption of the virus.

The cytotoxicity and antiviral activity of distamycin derivatives contain-
ing 2, 3, 4 and 5 pyrrole rings is shown in Table 1. The cytotoxicity of the
derivatives with 2 and 3 pyrrole residues is the same. However, compounds
containing 4 and 5 pyrrole rings (distamycin/4 and distamycin/5) are less toxic.
The cytotoxicities of distamycin/4 and distamycin/5 are only 50% and 25% of
the natural antibiotic (distamycin/A) respectively. It seems therefore, that the
cytotoxicity decreases as the number of pyrrole rings increases. This is at least
true for distamycin/A, distamycin/4 and distamycin/5. Our studies on dista-
myecin/6 (distamycin with 6 pyrrole rings) have, however, shown that no such
relationship strictly exists. Distamycin/6 was found to be as toxic as dista-
mycin/4.

The antiviral activity of distamycin derivatives is dependent on the pyrrole
ring. Taking the antiviral activity of the natural antibiotic (distamycin/A) as
100, one observes a 4-fold increase for distamycin/4 and a 10-fold increase for
distamycin/5. On the other hand we found about 85% inhibition of the antj-
viral activity of distamycin/A by removing 1 pyrrole ring (distamycin/2).

Table 2. Distamycin A inhibition of DNA-dependent RNA polymerase reaction. Distamycin
A was pipetted into reaction mixture containing calf thymus DNA, buffer and the triphos-
phates. The reaction was started with DNA-dependent RNA-polymerase

System AMP-31 % Incorporation
Incorporation
cpm/reaction
mixture

Complete 373 100

Without DNA 11 3

Complete + distamycin A

4x107°M 111 29.6

8x 107°M 60 16.1

RNA-polymerase reaction: RNA-polymerase was isolated from £. coli Ky cells according
to the procedure by Burgess31) and kept in buffer containing 50% glycerol at —20 °C. The
reaction mixture contained, in 0.25 ml, 0.04 M Tris, pH 7.9, 0.01 M MgCl,, 0.1 mM EDTA,
0.1 mM dithiothreitol, 0.15 M KCI, 0.15 mM UTP, CTP and GTP, 0.15 mM 3H-ATP and
0.15 mg per mi of calf thymus DNA. The reaction was started with 5—10 mcg enzyme
protein and incubations were carried out for 20 min at 37 °C.

Using the melting behaviour of DNA-antibiotic complexes as a criterion of bind-
ing a drastic increase in the melting temperature of DNA was observed in the
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presence of distamycin A%?). This interaction leads to a concentration-depen-
dent inhibition of DNA-dependent RNA polymerase reaction. Table 2 shows
the template activity of calf thymus DNA in the presence of the natural anti-
biotic {distamycin/A). In these experiments distamycin/A was pipetted into
reaction mixture containing DNA, buffer and the triphosphates. The reaction
was started with DNA-dependent RNA polymerase. One gets about 70% inhibi-
tion at 4 x 107> and 84% at 8 x 1075 M. This is in good agreement with our
previous results??. The effect of an equimolar concentration (4 x 1075M) of
various distamycin derivatives on the template activity of calf thymus DNA is
shown in Table 3. The derivatives were added into the reaction mixture as
described above. The inhibition of DNA-dependent RNA synthesis increases
as the number of pyrrole residues in the antibiotic molecule increases. The
compound with 2 pyrrole rings inhibits 3H-AMP incorporation to 50%, where-
as distamycin/5 at the same molar concentration to 82%.

Table 3. Inhibition of DNA-dependent RNA polymerase reaction by distamycin derivatives

Compound added Pyrrole rings AMP—3H Incorporation % Incorporation
Concentration = cpm/reaction mixture

4x1075M

None - 373 100
Distamycin/2 2 187 50
Distamycin/A 3 111 29.6
Distamycin/4 4 79 21.2
Distamycin/5 5 67 18.0

It is known that RNA oncogenic viruses require DNA synthesis for their
rephcatlon As distamycin/A blocks some early steps in the growth cycle of
DNA viruses, probably connected with DNA replication®?), it was of interest
to investigate the effect of distamycin, distamycin-4 and distamycin-5 on MSV
(Moloney).

The results, reported in Fig. 8, show that treatment with distamycin/A,
distamycin/4 and distamycin/5 reduces the number of MSV-foci produced
in vitro. The inhibitory activity was dependent on the dose used, and increased
according to the number of pyrrole residues in the molecule. The cytotoxic
activity of these compounds increases at higher doses; however, it was always
less than their antiviral activity.

Since the dose-dependent curves for cytotoxicity and antiviral activity are
almost parallel, it was possible to calculate the ratio cell-IDsq/virus-IDsq. As
shown in Table 4, the Therapeutic index (= TT) increased from 2.5 for dista-
mycin/A, to 7.0 for distamycin/4 and to 7.7 for distamycin/5.
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Fig. 8. Activity of distamycin derivatives on mouse embryo cells infected or not with
MSV (M). ( ) indicates inhibition of MSV-M foci formation; (————) inhibition of
normal cell proliferation, On the abscissa: dose (UM); on the ordinate: % of the corres-
ponding value. Chandra et ai, 6)

Table 4. Antiviral and cytotoxic activities of some
distamyecin derivatives. The activity of distamycin
derivatives was tested on mouse embryo cells in-
fected or not with MSV (M). IDsq = Inhibiting dose
50%; TI = therapeutic index, ID5o-cell/IDgq-virus

Compound ID5q (M) 7
Cell MSV
Distamycin/A 32.0 12.6 2.5
Distamycin/4 7.8 1.1 7.0
Distamycin/5 3.4 0.44 7.7
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To find whether the reduced foci formation was due to inhibition of MSV
(M) replication, the effect of these compounds on virus growth was studied.
Secondary mouse embryo cell cultures were infected with MSV (M) at the rate
of 0.03 competent MSV infectious units per cell and treated with the com-
pounds at different doses after the infection by the focus assay in the presence
of an optimal amount of MLV (M) (1.01 - 105 Leukemia Virus Helper Units)
according to Hirschman et al.®¥. Similarly treated uninfected cultures were
trypsinized at the same time, and cells were counted.
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Fig. 9. Inhibition of MSV (M) replication and of cell proliferation by distamycin (C @),
distamycin/4 (O®) and distamycin/5 (24). Empty symbols and continuous lines: inhi-
bition of MSV (M) production (titeration 3 days after infection). MSV (M) titer in un-
treated cultures ranged from 3.0x10° to 6.1x10% FFU/ml. Filled symbols and dotted
lines: inhibition of secondary mouse embryo cell proliferation. Cell number/plate in un-
treated cultures ranged from 1.1 x 105 to 2.6 x 105, Chandra et al.27)
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Fig 10. Growth curve of MSV(M) in secondary mouse embryo cell cultures, untreated or
treated with distamycin/5. The titers represent the total virus [yield at each day, deter-
mined with added excess helper virus]. Each day the cells were harvested in the super-
natant and samples of this suspension were used for titration of MSV(M). Chandra etal 27)
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Fig. 9 shows the results regarding titration of virus yields and of cell pro-
liferation on the 3rd day after infection, which is the day of maximum virus
yield in our experimental conditions. Distamycin-A, even at cytotoxic doses,
poorly inhibited the virus replication; distamycin-4 was very active on virus
replication and distamycin-5 at non-cytotoxic doses was able to reduce viral
yields by 92.3%.

Fig. 10 shows the viral yields obtained on days 2, 3, 4 and 5 after the in-
fection, in control cultures and in cultures treated with distamycin-5. The in-
hibition of virus production was almost constant on any day tested, suggesting
that an early step in virus multiplication is blocked. Similar results were ob-
tained with distamycin-4, but virus inhibition was less than with distamycin-5.

In mice distamycin-4, administered intraperitoneally 6 times/day for 6 days,
starting 2 days after the infection, was able to inhibit and to reduce the growth
of tumors induced by giving MSV (M) intramuscularly. Good results were also

Leucocytes x 1000
90

Spleen weight[g]
3

20Days

Fig. 11. Effect of distamycin A on leukemogenesis in mice by FLV. Viral suspensions,
untreated (/Dg) or treated with distamycin/A (20 pg/ml) were injected intraperitoneally
to mice. Continuous lines (filled circles) represent the number of leucocytes in mice trea-
ted with control suspension; open circles, leucocyte number in mice injected with distamy-
cin/A treated suspension. The dashed line (with dots) represents the spleen weight of ani-
mals treated with the control suspension; without dots, the spleen weights of animals in-
jected with distamycin/A treated suspension

obtained by administering distamycin, distamycin-4 and distamycin-5 intra-
muscularly in the MSV (M)-infected leg. Less activity was observed in vivo than
in vitro. This may be due to uneven distribution in the animal body, metabolism
and/or rapid elimination (G. Di Fronzo and G. Lenaz, unpublished results). Fur-
ther studies will investigate the possibility of obtaining a more significant activity
against oncogenic viruses in the animal by varying schedule and route of treat-
ment.

The in-vivo activity of distamycin-A on FLV leukemogenesis in mice is
shown in Fig. 11
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The studies were carried out on male and female albino mice weighing 20—-30 g. FLV
suspensions were prepared by filtering the homogenates from infected spleens through
Seitz K-filters (Seitz Company, Bad Kreuznach, Germany). This suspension was diluted
1 : 20 with Hanks solution and 0.1 ml (/Dgg) was injected intraperitoneally. In the ex-
perimental group the suspensions were preincubated with distamycin-A (20 tg/ml), in the
control group they were not; each group contained 50 animals. At various intervals 10
animals from each group were sacrificed and their leucocyte number, and spleen weight
determined.

The results (Fig. 11) show a very significant reduction in the number of
leucocytes in the distamycin-A treated group and a slight reduction in spleen
weight, as compared to controls.

The mechanism by which distamycin-A and its structural analogues exert
their activity against MSV {M) and FLV could be explained by inhibition of
the reverse transcriptase activity. The existence of virion-associated DNA poly-
merases™* % in oncogenic RNA viruses suggests that the flow of information
from RNA to DNA may be one of the factors in oncogenesis. The search for
specific inhibitors of this reaction has obvious implications for the chemo-
therapy of viral cancers. The RNA-dependent DNA polymerase can use as
template synthetic polymers containing either deoxyribonucleotide or ribo-
nucleotide strands. The activity of distamycin derivatives on the DNA poly-
merase activities of FLV and MSV (M) was tested using various templates.

Table 5. Inhibition of reverse-transcriptase activity of FL-virions by distamycin derivatives
in the absence of exogenous template. Virions containing Triton were premcubated at
room temp. for 25 min with 50 ug/ml of pancreatic RNase Chandra et al®

System Antibiotic 3H—TMP incorporation % of control
20 pg/reaction into DNA
mixture (c.p-m./reaction mixture
Without virions - 14 4.1
Without Triton - 40 11.7
Virions + RNase - 61 17.6
Complete - 343 100
Complete Distamycin-2 336 98
Complete Distamycin-A 242 70.5
Complete Distamycin-4 203 59
Complete Distamycin-5 206 59.8

As shown in Table 5, the reverse transcriptase activity (without exogenous
template) of FL virions is inhibited by distamycin derivatives containing 3, 4
and 5 pyrrole rings. The compound containing 2 pyrrole rings (distamycin-2)
is ineffective, which confirms our observations on vaccinia virus. The compound
with 4 pyrrole rings inhibits the reverse-transcriptase reaction more than the
one with 3 pyrrole rings (distamycin-A). Further progression could not be
demonstrated with the compound containing 5 pyrrole rings (distamycin-5)
which is very unstable; longer incubation (90 min) may cause some degradation
of this compound.
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Table 6. Inhibition of DNA-polymerase activity of FL virions by distamycin A and its
analogues in the presence of various templates. Figures in brackets are percentages

Antibiotic 3SH-TMP 3H-dGMP SH-TMP

(20 ug/reaction incorporationl) incorporation!) incorporation!)
mixture into DNA into DNA into DNA

poly (dA—dT) poly (dI-dC) poly (rA) - (dT)g

None 1020 (100) 506 (100) 520 (100)
Distamycin-2 357 (35.8) 441 (87.5) 450 (85.5)
Distamycin-A 137 (14) 442 (87.5) 330 (63.5)
Distamycin-4 117 (11.9) 460 (91) 290 (55.5)

1) cpm/reaction mixture.

It has been recently reported34) that DNA polymerases of several onco-
genic viruses are inhibited by ethidium bromide to different degrees according
to the nature of the template used and the source of the enzyme. The effect
of distamycin derivatives on the DNA polymerase activity of FL virions was
therefore studied in the presence of poly (dA—dT), poly (dI - dC) and poly
(rA) - (dT)g (Table 6). The DNA polymerase activity was found to be most
sensitive to distamycin inhibition with poly (dA—dT) as primer-template and
somewhat less so with poly (1A) - (dT)g. In both cases the inhibitory response
of the antibiotic increases according to the number of pyrrole rings in the
molecule. With poly (dI - dC) as template no significant inhibition of DNA
polymerase activity by distamycin derivatives was observed.

Table 7. Inhibition of DNA polymerase activity of MSV (M) by distamycin A and its
derivatives in the presence of various templates. The incorporation in the absence of
templates was 157 cpm/reaction mixture for 3H7TMP, and 61 cpm/reaction mixture
for 3H-dGMP. — Antibiotic concentration = 20 ug/reaction mixture. The figures in
brackets indicate percent of the control

Antibiotic 3H-TMP incorporation ~ 3H—dGMP incorporation 3H~TMP incorporation
into DNA into DNA into DNA
poly (dA-dT) poly (dI-dC) poly rA - (dT)g
(cpm/reaction mixt.) (cpm/reaction mixt.) (cpm/reaction mixt.)
None 624 (100) 570 (100) 412 (100)
Distamycin/2 204 (32.6) 459 (86) 328 (80)
Distamycin/A 144 (23) 441 (77) 280 (68.2)
Distamycin/5 60 (9.6) 447 (78) 214 (52)

Inhibition of DNA polymerase activity of MSV-M by distamycin A and
its derivatives in the presence of various templates is shown in Table 7. The
DNA-polymerase activities catalyzed by poly (dA-dT) and poly 1A<{dT)g are
very sensitive to distamycin action. The range of inhibitions by individual
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derivatives is similar to that observed in FL-virions. However, the poly (dI-dC)
dependent incorporation of dGMP by DNA polymerase was found to be more
sensitive towards distamycins in this case.

The experiments reported here demonstrate that the distamycin inhibition
of DNA polymerase activities of FLV and MSV-M are template specific. Tem-
plates containing thymine and adenine are highly sensitive to the action of
distamycins. This inhibition is dependent on the number of pyrrole rings in
the molecule. The inhibition of DNA polymerases of RNA oncogenic viruses
and the foci formation by distamycin derivatives conclude that both activities
are dependent on the same structural component(s) of the molecule.

1.1.2. Analogues with Side Chain Modifications

The cytotoxicity and antiviral activity of distamycin derivatives, obtained by
substitutions of the formyl group (II) or the propionamidine chain (11T and 1V},
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Fig. 12. Analogues of distamycin A with side chain modifications

is shown in Table 8. Substitution of the formy! group with a cyclopentyl propi-
onyl chain does not influence its cytotoxicity but the compound loses its anti-
viral activity completely. The substitution of the propionamidine group with

a benzamidine moiety doubles the cytotoxicity of the compound. The anti-
viral activity of this compound is, however, only 44% of that of distamycin A.
The analogue containing butyramidine group in place of the propionamidine
moiety (IV) also exhibit a higher cytotoxicity than the compound I. This has
only 31% of the antiviral activity of compound L

These results allow the conclusion that the presence of the formyl group
in distamycin is necessary for its antiviral activity. Studies with other derivatives,
where the formyl group was substituted by a nitro, amino or acetyl group have
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Table 8. Cytotoxicity and antiviral activity of the distamycin derivatives

Compound tested Cytotoxicityl) Inhibition of vaccinia
virus multiplication.
inhibition (%)1)

I 1002) 1002)
I 100 0
11 200 44
v 150 31

1) Activity calculated with respect to that of compound I (distamycin A)
considered = 100.
2y Absolute values (IDsg pg/ml): Cytotoxicity = 80; WR = 2.

shown that all these derivatives are completely inactive against viruses. How-
ever, substitutions at the formyl group do not influence the cytotoxicity of
the compound. Compounds having substitutions at the propionamidine are
active against viruses but exhibit a much higher toxicity. An interesting com-
pound of this group is the acetamidine derivative which showed a higher anti-
viral activity (150%) than distamycin A.

Table 9. Inhibition of DNA-dependent RNA polymerase reaction by distamycin derivatives

Compound added AMP-3H incorporation Incorporation
(concentration = 8 x IO_SM) (cpm/reaction mixture) (%)
None 3801 100
I 650 17
11 1792 47
111 1990 53
v 980 26

Chandra er al® have shown that the antiviral activity of distamycin and
their action on the template activity of DNA are dependent on the number of
pyrrole rings in the molecule. The distamycin derivative with 5 pyrrole rings
(distamycin/5) has 10 times higher antiviral activity than distamycin A (with
3 pyrrole rings), and is a better inhibitor of the RNA-polymerase reaction. It
was therefore interesting to study the correlation between the antiviral activity
and the inhibition of RNA-polymerase reaction by compounds I, II, III and IV.
The effect of an equimolar concentration (8 x 10~5 M) of the distamycin deriva-
tives on the template activity of DNA is shown in Table 9. The derivatives were
added into the reaction mixture as described above. The highest inhibition was
obtained with the natural antibiotic (distamycin A) followed by compounds
IV, II and III, respectively. The cyclopentylpropionyl derivative, having no
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antiviral activity is still able to inhibit the RNA-polymerase reaction to more
than 50%. This indicates that factors, other than its binding to DNA, are re-
sponsible for its inactivity against viruses. One of the many possibilities for
this result may be the permeability of this compound towards the host cell.
The inhibition of RNA-polymerase reaction by compounds III and IV is in
good correlation to their antiviral activity, compared to distamycin A.

To investigate the role of formyl group some amino acid derivatives of
des-formyldistamycin A were synthesized, in which the formyl group was
linked to the amino group of glycine or alanine. Thus, the side chains of these
derivatives are constituted by N-formyl-glycyl, or N-formyl-alanyl groups.
Studies on various systems reported here indicate that the compound with
formyl group linked to 4-amino-1-methylpyrrole-2-carboxylic acid residue
(distamycin/A) is more active compared to its amino acid derivatives.

The effect of distamycin/A and its amino acid derivatives (distamycin/Gly
and distamycin/Ala) on the template activity of calf thymus DNA in RNA-

R-1| NH
P NH
CO | —NHCH, CH,C + HCIL
~ NH
N
CH; 3
COMPOUND R
Dist./A OHC -
Dist./Gly. CHONHCHZCO -
Dist./Ala. CHONHCH (CH3)CO -

Fig. 13. Amino acid derivatives of des-formyl-distamycin A

polymerase (£. coli) reaction is shown in Table 10. in these experiments equi-
molar concentrations of the antibiotics (8 x 1075 M) were added to the incuba-
tion mixture, and the reaction was started immediately with the enzyme. Under
these conditions distamycin/A inhibits appx. 70% of the incorporation of
3H-AMP into RNA. Distamycin/Gly and distamycin/Ala at the same molar
concentrations are much less effective in inhibiting the template activity of DNA.

The above results indicate that the binding affinity of amino acid derivatives
for DNA is much less, compared to that of the parent compound. Thus, the
position of the formyl group is important in its binding mechanism to DNA.
This has been further shown by studies on the DNA-polymerases of oncorna
viruses and bacterial cells,
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Table 10. Inhibition of DNA-dependent RNA polymerase reaction (E. coli B) by dista-
mycin A and its structural analogues

System Antibiotic 3H-AMP incorporation % of Control
(concentration =~ into RNA
8 x 1075M) (cpm/seaction mixt.)
Without DNA - 17 1.5
Without Enzyme  — 5 0.44
Complete None 1144 100
Complete Distamycin /A 346 30.3
Complete Distamycin/Gly 624 54.4
Complete Distamycin/Ala 780 68.2

Table 11. Inhibition of reverse-transcriptase activity of FL-virions by distamycin derivatives
in the absence of exogenous template

System Antibiotic 3H-TMP incorporation % of Control
(concentration =  into DNA
2 x 10_4M) (cpm/reaction mixt.)
Without virions - 11 3
Without - 45 12.2
Nonidet P-40
Complete - 364 100
Complete Distamycin/A 93 25.6
Complete Distamycin/Gly 146 40
Complete Distamycin/A'la 258 71

Table 11 shows the activities of distamycin/A and its amino acid derivatives
on the DNA polymerase activity of Friend leukemia virions (FLV). These studies
were carried out without the exogenous template. [t has been emphasized that
the study of endogenic reaction has greater implications in viral cancerogenesis.
The results show a strong inhibition of the endogenic reaction by distamycin/A
at 2 x 107*M; distamycin/Gly was also very effective, distamycin/Ala showed
a poor activity.

The endogenic reaction is catalyzed by the viral RNA (70s), template for
the reverse transcriptase. It is not clear whether the higher activity of dista-
mycin/Gly in this system, compared to the template activity of DNA in bac-
terial system (Table 10), is due to its higher affinity for viral RNA. This was
investigated by using various exogenous templates in the DNA-polymerase
reaction of FL-virions.

Synthetic polymers containing either deoxyribonucleotide or ribonucleo-
tide strands can be used as templates by the DNA polymerases of RNA tumor
viruses. Table 12 shows the activity of distamycin/A and its amino acid deriva-
tives on the DNA polymerase reaction of FL-virions, catalyzed by poly 1A -
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Table 12. Inhibition of DNA-polymerase activity of FL-virions by distamycin A and its
analogues in the presence of various templates

Antibiotic 3H-TMP incorporation into DNA (cpm/reaction
(concentration = 2 x 10_4M) mixture) in the presence of

Poly ¥A - (dT)¢2 Poly (dAdT)
None 2517 (100) 1282 (100)
Distamycin/A 879 (34.9) 381 (29.6)
Distamycin/Gly 1440 (57.3) 502 (39.3)
Distamycin/Ala 1742 (69.3) 745 (58.3)

(dT);, and poly (dA-dT). The poly rA - (dT),-catalyzed reaction is inhibited
by distamycin/A and distamycin/Ala to same extent as the endogenous reaction.
However, distamycin/Gly is in this reaction, compared to the endogenous reac-
tion, less effective. The reaction catalyzed by the DNA template, i.e. poly
(dA-dT) is slightly more sensitive than the RNA-dependent reaction towards
distamycin/A. Surprisingly, distamycin/Gly showed a strong inhibition of this
reaction, compared to the reaction in bacterial cells (Table 10).

Table 13. Inhibition of DNA-dependent DNA polymerase reaction (E. coli B) by dista-
mycin A and its structural analogues

System Antibiotic 3H-dAMP incorporation % of Control
(concentration=  into DNA
1x 10*4M) (cpm/reaction mixture)
Without DNA - 98 0.67
Without Enzyme  — 41 0.28
Complete None 14,609 100
Complete Distamycin/A 2,392 16
Complete Distamy cin/Gly 5,368 37
Complete Distamycin/Ala 9,517 65

The activity of these derivatives on the DNA-polymerase reaction of bac-
terial cells, catalyzed by denatured DNA is shown in Table 13. These studies
are important to compare the sensitivities of viral and bacterial DNA poly-
merases towards these antibiotics. As follows from results the DNA poly-
merase reaction of bacterial cells is highly sensitive to distamycin/A and
distamycin/Gly. The molar concentration of the antibiotics used in this reac-
tion (1 x 10~#M) is slightly higher, compared to the DNA-dependent RNA-
polymerase reaction (8 x 105 M); however, the inhibitory effect in the former
reaction is much more pronounced.

The studies reported above demonstrate that the replacement of formyl
group, linked to amino group of the side chain, by N-formyl amino acids
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diminishes their biochemical activity. It is interesting to note that the activity
of distamycin/Gly is dependent on the enzyme system; the compound has a
good activity in the endogenous viral system and DNA-polymerase reaction
of bacteria. The activity of these derivatives on the viral cancerogenesis in vivo
is currently being investigated.

2. Daunomycin and its Derivatives

Daunomycin is an antibiotic of the anthracycline group isolated from cultures
of Streptomyces peucetius>®> % and consists of a pigmented aglycone (dauno-
mycinone) bound by a glycosidic linkage to an amino sugar (daunosamine, Fig.
14)37 38) The biological activity of daunomycin is believed to be related to its
ability to interact with the primer DNA 38 40), thus inhibiting not only DNA-
dependent RNA synthesis, but also DNA duplication‘”).

o oH "
R t

Lo+ [ o

General structure Structure of Ly,
daunosamine uo ot

H

H 0 OMH R NHy
SUBST /I 7TUT I ONS
R R’

Daunomycin -C0-CH, Daunosamine
Adriamycin -CO-CH,O0H Daunosamine
13-Ditydro- -CHOH-CH; Daunosamine
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N-guanidine- N-guanidine-
ac%famide -daunomycin -C0-CH, ac%tcmide—daun osamine
N-acetyl- N-acetyl-
daunomycin -CO-CH; daunosamine

Fig, 14, Chemical structures of daunomycin derivatives

Daunomycin causes a large increase in the thermal transition temperature
(Ty) of calf thymus DNA. This effect depends on the ratio antibiotic/DNA - P
(r)- The effect of daunomycin derivatives on the thermal transition temperature
of calf thymus DNA at » = 0.1 is shown in Table 14. Adriamycin was found to
be most effective in stabilizing the secondary structure of DNA (AT, = 15.3 °C),
whereas very little increase in 7y, was observed for N-guanidine-acetamide dauno-
mycin and N-acetyl daunomycin, the derivatives with substitutions in the amino
sugar moiety. In attempting to obtain further information on the affinity of
the compounds tested for DNA, we studied their effect on the viscosity of DNA.
According to Lerman’s hypothesis*? on the interaction of amino-acridines
with DNA, an increase in the intrinsic viscosity of the complex is one of the
criteria establishing intercalation of ring systems between base pairs of double-
stranded DNA. Table 14 shows the intrinsic viscosity of antibiotic-DNA com-
plexes (r = 0.1) relative to intrinsic viscosity of DNA alone (v = 0). Under these
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Table 14. Effect of daunomyecin and its derivatives on the thermal transition temperature
(Tm) and viscosity of DNA

Antibiotic TmD) (mr=0.12)
(mr=0
None 70.5 1.00
Adriamycin 85.8 1.75
Daunomycin 83.9 1.92
Dihydro daunomycin 80.3 1.65
N-guanidine acetamide daunomycin 77.1. 1.30
N-acetyl daunomycin 71.5 1.24

1) All experiments were carried out in 0.01 M tris-HCI buffer (pH 7.0) at a ratio of anti-
biotic to DNA-P (r) of 0.1. DNA concentration in all the experiments was 1 x 107%M.

2) Ratio of intrinsic viscosity of antibiotic-DNA complex ( = 0.1) to that of DNA alone.
Conditions of viscosity measurements: 20 °C, 0.1 M tris-HCl buffer (pH 7.0). r is the
ratio of bound antibiotic to total DNA-P.

conditions the daunomycin-DNA complex has the highest intrinsic viscosity,
followed by adriamycin and dihydro daunomycin. Again we find only a moderate
increase in intrinsic viscosity in the presence of compounds substituted at the
amino sugar residue.

The inhibitory effect of the various daunomycin derivatives on viral onco-
genesis by FLV and RSV is shown in Table 15. FLV suspensions, prepared as
described above, were incubated with and without the antibiotic (50 pg/ml)
for 1 hat 37 °C and 0.1 ml of this suspension (IDgq) was injected intraperito-
neally into mice. Each experimental group contained six animals; five of the
six control animals died after 13 days of infection at which time all the animals

Table 15. Effect of daunomycin and its derivatives on viral oncogenesis in mice and chickens

Antibiotic Oncogenesis in mice by FLV Oncogenesis in chicken
animals survived!) by RSV?2)
animals infected Mean survival (days)

None 1/6 12.3

Daunomycin 6/6 303)

Adriamycin 5/6 28.3

Dihydro daunomycin 3/6 14.2

N-guanidine daunomy-cin 1/6 13.6

N-acetyl daunomycin 0/6 12.0

1)y 13 days after infection. For details see text.

2) Each experimental group contained six chickens. The viral suspension (1 : 10) was
incubated with 50 ug/ml of the antibiotic at 37 °C for 1 h. Control suspension was
incubated without the antibiotic. 0.1 ml of this suspension was injected intraperito-
neally.

3) One animal was still alive at the time of writing this paper.
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injected with daunomycin-treated viral suspension were still alive. Adriamycin
was also effective, whereas dihydro daunomycin had only moderate activity.
The derivatives substituted in the amino sugar moiety were ineffective. Onco-
genesis by RSV in chickens was similarly inhibited by daunomycin and its ana-
logues, mean survival time being prolonged from 12.3 days to 28.3 days by
adriamycin. Daunomycin was even more effective but, the other derivatives
had no significant effect.

Daunomycin and related derivatives were found to affect cell proliferation
and MSV (M) foci production dif erently. In both tests, the activity of dauno-
mycin and adriamycin was found to be a linear function of the dose. However,
as the dose-effect curve of foci inhibition has a steeper slope than that of cell
proliferation, the two lines cross over. Hence higher doses give greater inhibi-
tion of foci formation than of cell proliferation. Almost total inhibition of foci
formation could be achieved by treatment with daunomycin or adriamycin at
about 0.025 ug/ml.

Dihydro daunomycin caused a remarkable reduction of foci formation, com-
plete inhibition being obtained at 0.1 ug/ml. Foci formation was more sensitive
to this compound than cell proliferation. N-guanidine daunomycin had no cyto-
toxic activity at the doses tested, while weakly inhibiting foci production.

The inhibitory activity of daunomycin and its structural analogues on viral
oncogenesis by FLV and RSV, and on “in vitro” transformation by MSV (M)
suggests that it is the activity of the virus-associated enzymes which is sensitive
to these antibiotics. The RNA-dependent DNA polymerase of the virions is
responsible for the synthesis of viral DNA. Table 16 shows how the reverse-
transcriptase activity of MSV (M), FLV and RSV is inhibited by various dauno-
mycin derivatives.

Table 16. Inhibition of reverse-transcriptase activity of RNA tumor viruses by daunomycin
derivatives. Figures in brackets are percentages

System Antibiotic 3H-TMP incorportaion into DNA
(concentration = (cpm/reaction mixture)
(1(3(; 5“% f)e)a“i"“ mixture oy (Moloney) FLV RSV
Without virions ~ — 7(3.4) 7(3.7) 7(2.9)
Virions + RNase!) — 26 (13) 25(13.4) 40 (16.8)
Complete None 202 (100) 187 (100) 237 (100)
Daunomycin 65 (32.1) 68 (36.3) 80 (33.7)
Adriamycin 66 (33.1) 83 (44.4) 86 (36.3)
Dihydro daunomycin 86 (42.5) 87 (46.5) 113 (47.7)
N-guanidine daunomycin 106 (52.4) 97 (51.8) 117 (49.3)
N-acetyl daunomycin 196 97) 192 (102.6) 136 (57.3)

1) Virions containing Nonidet P-40 were preincubated at room temp. for 25 min with
50 pg/ml of pancreatic RNase.
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Daunomycin and adriamycin at 10 pug/reaction mixture (0.25 ml) inhibit
the reverse-transcriptase reaction by 60—70%. The dihydro derivative is also
quite effective whereas the N-guanidine derivative has moderate activity. The
N-acetyl derivative was completely ineffective in the MSV (M) and FLV systems
but moderately inhibited the RSV system.

Table 17 shows how template-dependent DNA polymerase activity of FLV
is inhibited by various daunomycin derivatives. The reactions catalyzed by
poly-(dA-dT) and poly (rA) - (dT);, are highly sensitive to the action of dauno-
mycin and its derivatives. Here again, daunomycin and adriamycin are most ef-
fective, and the N-acety! derivative is completely inactive. It is interesting that
the poly (dA-dT)-and poly (rA) - (dT),-dependent reactions are more sensitive
to these antibiotics than the endogenous reaction (see Table 17), while the DNA
polymerase reaction catalyzed by poly (dI-dC) is completely insensitive. The
most active derivatives (daunomycin, adriamycin and dihydro daunomycin)
slightly stimulate *H—dGMP incorporation catalyzed by poly (dI-dC). This
stimulation is particularly noticeable in the case of dihydro daunomycin. Sur-
prisingly, the N-acetyl derivative was found to inhibit this reaction. The mecha-
nism of this inhibition is not understood.

Table 17. Inhibition of DNA-polymerase activity of FL virions by daunomycin and its
derivatives in the presence of various templates. Figures in brackets are percentages

Antibiotic 3H—TmP 3H-dGMP 3SH-TMP
(5 pg/reaction mixture incorporation!) incorporationl) incorporation})
(0.25 ml)) into DNA into DNA into DNA

poly (dA-dT) poly (dI-dC) poly rA - (dT)y»
None 1223 (100) 1006 (100) 723 (100)
Daunomycin 127 (10.3) 1057 (105) 159 (22)
Adriamycin 106 (8.7) 1127 (112) 231 (31.9)
Dihydro daunomycin 151 (12.3) 1654 (164.2) 327 (45.2)
N-guanidine daunomycin 322 (25.3) 941 (93.5) 457 (63.2)
N-acetyl daunomycin 1412 (115.6) 587 (58.3) 673 (93)

1y cpm/reaction mixture.

The inhibition of template-dependent DNA polymerase activity of MSV (M) by various
daunomycin derivatives was also studied. Like the FLV system, the MSV poly (dA-dT)-
and poly (rA) - (dT){>-dependent reactions were extremely sensitive to daunomycin
derivatives. In both cases the N-acetyl derivative was completely ineffective. Again as
with the FLV system, we found that the poly (dI-dC) - catalyzed incorporation of “H—
dGMP was not inhibited by any of the derivatives. In this system, unlike the FLV system,
the N-acety] derivative did not inhibit 3H-dGMP incorporation into DNA. Dihydro dau-
nomycin here too greatly stimulated 3H—dGMP incorporation in the presence of poly
(d1-dO).

The results show that the inhibition exerted by daunomycin derivatives
against DNA polymerase from RNA tumor viruses is selectively dependent on
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the type of primer template used in the assay system. The inhibiting activity
of daunomycin requires specific structural parameters. Thus, substitutions in
the amino sugar moiety, especially N-acetylation, inhibit its activity against
oncogenic viruses and influence its inhibitory action on the DNA polymerases
of RNA tumor viruses.

To avaluate the therapeutic efficacy of these compounds, the activity of
daunomyecin and adriamycin on DNA-polymerases from various sources was
measured. These studies were carried out using a constant concentration of the

100, 100
® INA POLYMERASE from MSY
o " » rat liver
x ” ” M.lysodeikticus

\Da

PERCENT OF CONTROL ACTIVITY

501 0\
0 I 14\,\ 0
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INHIBITOR CONCENTRATION (ug/ml)

Fig. 15. Inhibition of poly (dA-dT)-directed activity of DNA polymerases from MSV (M),
rat liver and M. lysodeik ticus

template poly (dA-dT) in DNA-polymerase reactions, catalyzed by preparations
from MSV (M), rat liver and M. lysodeikticus. As follows from results in Fig.
15, the MSV—DNA-polymerase is most sensitive to both the antibiotics.

The antitumor activity of some derivatives of daunomycin at the amino
and methyl ketone functions has been studied by Yamamoto ef al 43) Their
studies were carried out mainly on leukemia 1210 in mice. At 2 mg/kg dose,
the N-piperidinoimine derivative was found to have the same anfitumor activity
as daunomycin; other derivatives were not active at this dose level. The N-acetyl
derivative was found to posses only a little antitumor activity, but displayed no
accute toxicity even at very high doses. According to our experience, the N-

acetyl derivative was in most of the cases ineffective against tumor growth
(Table 18),
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Table 18. Inhibition of growth of some transplanted tumors by daunomycin derivatives.
Tumor suspensions were in-cubated with 50 tg/ml of the antibiotic at 37 °Cfor 1 h

Antibiotic 10 animals transplanted with
Ridgeway-Osteo-Sarcoma L-1210 SV 40
(Mouse) (Mouse) (Hamster)
Tumor weight (g) Ascites (ml) Tumor weight (g)
None 7.0x2.4 0.78+£0.16 47112
Adriamycin 1.0+0.3 0.00 0.0
Daunomycin 5.0%£2.3 0.00 0.0
Dihydro daunomycin 5.3%2.0 0.53+20.2 0.0
N-guanidine-acetamide 7.8%£2.8 0.63+£0.1 18.0%8
daunomycin
N-acetyl daunomycin 9.8+1.4 0.64 £0.07 468

As follows from Table 18 adriamycin inhibits the growth of Ridgeway-
Osteo-Sarcoma (ROS) in mouse to more than 80%. Under similar experimental
conditions one finds a slight inhibitory effect by daunomycin and its dihydro
derivative. However, the derivatives with substitutions in the aminosugar moiety,
N-gaunidino-acetamide-daunomycin and N-acetyl-daunomycin, are completely
ineffective. This is in accordance to our previous findings?”) on the interaction
of these derivatives with DNA, and their inhibitory activity on the DNA-depen-
dent RNA polymerase reaction. Though, in these studies daunomycin was found
to be almost as active as adriamycin. This behaviour is clearly demonstrated on
studies in L-1210 and SV 40 systems. In these cases, tumor suspensions pre-
incubated with adriamycin or daunomycin failed to grow in their hosts. The
dihydro derivative was not effective in L-1210, however a total inhibition was
achieved in case of SV 40. Unexpectedly, the N-guanidino-acetamide derivative
showed a significant activity against SV 40. However, the N-acetyl derivative
was ineffective against all types of tumors studied by us.

3. Tilorone Hydrochloride

The dihydro-chloride salt of 2,7-bis(2-(diethylamino)ethoxy)-fluoren-9-one,
referred to as tilorone hydrochloride (non-proprietary name) or bis-DEAE-
fluorenone, is a broad spectrum antiviral compound4# with antitumor activi-
ty**=47_ Mayer and coworkers*®: %) have identified this compound as an
interferon inducer and established a relationship with the antiviral activity.
However, recently a lack of correlation between interferon induction and
viral protection by tilorone hydrochloride has been reporteds").

The possibility that this compound may react directly with DNA was indi-
cated by the cytogenetic studies of Green and West® V. Tilorone was found to
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Fig. 16. Chemical structure of tilorone hydrochloride

inhibit mitosis significantly at 3.0 ug/ml, and produced chromosomal abnor-
malities at 1.5 pg/ml. Soon it was discovered by Chandra et al. 32» 538, 53b)

that tilorone does form molecular complexes with DNA and poly-deoxynucleo-
sides. Some of these studies will be described here.
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Fig. 17. Effect of calf thymus DNA on the visible absorption spectrum of tilorone hydro-
chloride. Samples contained 4,25 x 10—M of tilorone hydrochloride, 0.01 M Tris-HC!
(pH 7.0) and DNA at 0.5 x 1073M (+ +);1 % 1073M (0 0);2x 1073M

(0 ——— 0). No DNA was added to the sample (A A)
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3.1. Infiuence of Tilorone Hydrochloride on the Secondary Structure of DNA

Interaction between nucleic acids and biologically active compounds may induce
changes in the electronic spectra of the components. Tilorone hydrochloride

in water shows two absorption maxima, in the ultraviolet region around 271 nm,
and in the visible region around 470 nm. Thus the investigation of the long
wavelength band, where DNA and RNA do not absorb, should provide some
evidence whether or not the chromophore of tilorone hydrochloride is involved
in the binding process. Fig. 17 depicts the absorption spectrum (350—500 nm)
of tilorone hydrochloride alone (continuous line with triangles) or in the pres-
ence of various amounts of calf thymus DNA. There is a characteristic change
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Fig. 18. Effect of native calf thymus DNA, denatured calf thymus DNA and yeast RNA

on the visible absorption spectrum of tilorone in 0.01 M Tris-HCI (pH 7.0). Curve I is

the spectrum of free tilorone (4,25 x 10—%M). Other curves depict the spectra of tilorone in
the presence of yeast RNA (curve 2), denatured DNA (curve 3) and native DNA (curve 4).
Molar concentrations of nucleic acids (2x10'3M) refer to phosphorus content of the
polymer
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in tilorone spectrum in the presence of DNA. In the presence of calf thymus
DNA the visible absorption spectrum of tilorone hydrochloride is depressed
and red shifted. This hypochromic effect of DNA on the absorption of tilorone
chromophore is dependent on DNA concentration. The largest hypochromic
effect is observed at 2 x 1073M DNA-P in a 4,25 x 10~ *M solution of tilorone
hydrochloride.
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Fig. 19. Effect of tilorone on the thermal transition temperature (Tpy,) of calf thyms
DNA. Solvent is 0.01 M Tris. HCI (pH 7.0), and the DNA concentration is 5x10~>M in
all experiments, Curve | represents the melting profile of DNA in the absence of tilorone,
and curve 2 is the melting profile of DNA in the presence of 1x10~ SM tilorone hydro-
chloride

The concentration-dependent effect of calf thymus DNA on the visible
absorption spectrum of tilorone hydrochloride indicates that the tilorone
chromophore interacts with DNA. Fig. 18 depicts the visible absorption spec-
tra of tilorone alone (curve 7), or in the presence of yeast RNA (curve 2),
denatured DNA (curve 3) and native double-stranded DNA (curve 4). The
visible spectra indicate that at equimolar concentrations, DNA in its double
helical state produces largest changes in the absorption spectrum of tilorone,
whereas the effect of single-stranded DNA is slightly weaker. In contrast, the
yeast RNA exerts only a slight effect on the visible spectrum of tilorone hydro-
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chloride. These data indicate a specificity of the tilorone chromophore towards
DNA.

Further information on the binding of tilorone with DNA was derived by
studying the thermal melting of the complex. In order to characterize the
stability of DNA secondary structure in the presence of tilorone, temperature
profiles were run at tilorone/DNA-P molar ratio of 1 : 5 (Fig. 19). Tilorone
hydrochloride shows a large increase in the thermal transition temperature (7T,)
of native DNA; the Ty, of calf thymus DNA was raised from 71.6 to 85.2 °C
under these conditions.

3.2. Mode of Tilorone Hydrochloride Interaction to DNA

Hypochromic effect of native DNA on the absorption of tilorone chromophore
is partially reversible by Na™ and Mg?* ions. Fig. 20 depicts the absorption spec-
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Fig. 20. Effect of Na* and Mg2* on the visible absorption spectrum of the tilorone-DNA
complex. Samples contained 4,25 x 10—*M tilorone, 4 x 10~3M DNA-P, 0.01 M TrissHC1
(pH 7.0) and 0.01 M MgCl, (curve 2) or 0.1 M NaCl (curve 3). Curve / is the spectrum of
free tilorone; curve 4 is the spectrum of the tilorone-DNA complex in the absence of Na*
and Mg2+
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tra (350—550 nm) of tilorone hydrochloride alone, 4,25 x 10™% (curve 1), in the
presence of 4 x 1073M DNA-P (curve 4) containing 0.01 M MgCl, (curve 2) or
0.1 M NaCl (curve 3). It follows from these results that the DNA-drug inter-
action is very sensitive to magnesium ions. The effect of magnesium ions on
tilorone binding to DNA was confirmed by density-gradient studies using

labeled tilorone hydrochloride.

These studies indicate that electrostatic forces contribute greatly to the
binding process. The interaction between tilorone and DNA may, however,
involve other kinds of forces. Tilorone forms a reversible complex with DNA,
since the drug could be completely dissociated from a DNA-cellulose column.
Interaction of apurinic and apyrimidinic DNA’s with tilorone hydrochloride
also gave spectral changes. However, only with the apyrimidinic DNA, the
spectrum of the bound drug was similar to that found with native DNA.

The absorption spectrum studies presented above merely reflect the electronic envi-
ronment of the molecule and do not give specific information about the type of inter-
action. The data which must be accounted for in considering a physical mode for the
binding process can be derived from several different approaches. Hydrodynamic mea-
surements on the DNA-drug complex are of interest, since Lerman2) has established
that an increase in the intrinsic viscosity of DNA and a decrease in the sedimentation
coefficient of the polymer are two criteria for intercalation of ring systems between base
pairs of a double-helical DNA.
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Fig. 21. Intrinsic viscosity of tilorone-DNA complex relative to intrinsic viscosity of DNA
alone, Conditions: 20 °C, 0.01 M Tris-HCL, pH 7.0

Fig. 21 shows the relationship between the intrinsic viscocity of DNA and the amount
(“r) of bound tilorone. The intrinsic viscosity of the complex increases with r up to a
limiting value of about 0.05. The maximum relative enhancement of viscosity was about
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1.7. In addition, at the same ionic strength and at a ligand to DNA-P molar ratio of 0.1,
the sedimentation rate of DNA was decreased to 78 % of the value in the absence of ligand.

These observations are consistent with an intercalative mode of binding in
the interaction of tilorone hydrochloride with double-helical DNA. These results
were not examined in attempt to verify whether they agree with measurements
of the length increase on sonicated DNA. For this reason, the intercalation model
of the DNA complex remains tentative.

The interaction of tilorone hydrochloride with native DNA stabilizes the
double helical structure of the macromolecule towards thermal denaturation.
The effect of tilorone hydrochloride on the thermal denaturation of DNA’s
from various sources having different base composition is shown in Fig. 22.
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Fig, 22. Effect of tilorone on the Ty, with DNA preparations from various sources of
different base compositions. Ty, values were obtained at a molar ratio of drug to DNA-
P of 0,21. The T, of DNA (5 x 10~ 5M) with and without tilorone was determined in a
medium of 0,01 M Tris-HCI (pH 7.0). AT-content of B. cereus DNA (65%), calf thymus
DNA (58%), E. coli (DNA (50%) and M. Iysodeik ticus DNA (28 %); these DNA samples
were used in these experiments

At a drug to DNA-P molar ratio of 0,21, the AT, increased with increasing
AT content of the DNA. This observation indicates that tilorone hydrochloride
preferentially binds to the dAT portions of the DNA molecule. This hypothesis
is confirmed by the strong effect of tilorone hydrochloride on the thermal
transition temperature of poly d(A-T), AT, = 29 °C.

An intercalative mechanism for binding of a ligand to DNA is consistent
with a stabilization of the double helix. Such as stabilization, however, does
not constitute proof of intercalation. But, when considered with the evidence
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of the results reported in this paper, showing increased viscosities and decreased
sedimentation rate of DNA, one may conclude that the large increase of Ty,
points to an intercalative mode of binding.

3.3. Effect of Tilorone Hydrochloride on the Template Activity
of Nucleic Acids

The interaction of tilorone hydrochloride to native as well as denatured DNA
encouraged us to study the template activity of the complexes in DNA- and
RNA-polymerase systems from E. coli. Table 19 shows the effect of tilorone

on the priming activity of denatured DNA in DNA-polymerase reaction. DNA-
polymerase was isolated from E. coli B cells according to the procedure of
Richardson’?®, and fraction VII obtained after DEAE-cellulose chromatography
was used. The reaction was carried out in the presence of denatured DNA.

Table 19. Inhibition of DNA-dependent DNA polymerase reaction (£. coli B) by tilorone
hydrochloride. The calf thymus DNA primed assay system contained (total vol 0.3 ml)
0.07 M glycine buffer, pH 9.2,7 mM MgCl,, 1 mM Fmercaptoethanol, 10 mgmoles each
of dTTP, dCTP and dGTP, 2 uCi of 3H-—dATP, 20 g of denatured calf thymus DNA.
The reaction was started by adding 0.02 mi (approx. 50 g protein) of the enzyme pre-
paration

System Tilorone hydrochioride 3H-dAMP incor- % of
concentration poration into DNA Control
(1g/0.30 ml reaction (cpm/reaction
mixture) mixture)
Without DNA - 67 0.2
Without enzyme - 35 0.1
Complete None 29,087 100
5 5,395 18.3
10 1,380 4.7
15 372 1.2
20 166 0.57

As follows from the results there is a concentration dependent inhibition
of *H-dAMP incorporation into DNA by tilorong hydrochloride. Concentration
as low as 5 ug per reaction mixture inhibits more than 80% the incorporation
of 3H—dAMP into DNA. At 15 ug/reaction mixture the reaction is completely
blocked by tilorone.
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Table 20. Inhibition of DNA-dependent RNA polymerase reaction (£. coli K-12) by
tilorone hydrochloride

System Tilorone hydrochloride 14C_AMP incor- % of
concentration poration into RNA control
(ug/0.25 ml reaction (cpm/reaction
mixture) mixture)
Without UTP, - 14 2.1
CTP and GTP
Without DNA -~ 11 1.6
Complete None 652 100
25 471 72
50 313 46
100 201 31

The inhibiting activity of tilorone hydrochloride on the DNA-dependent
RNA-polymerase reaction is shown in Table 20. Compared to the DNA-poly-
merase reaction, the RNA-polymerase reaction requires large amounts of tilorone
hydrochloride for its inhibition; no significant inhibition was observed below
15 ug/reaction mixture of tilorone hydrochloride. Whereas this amount of
tilorone was able to completely inhibit the DNA polymerase reaction (see
Table 19). One explanation is that in the RNA-polymerase reaction the DNA
concentration is approx. 2.5 times more than that used in the DNA-polymerase
reaction. However, this may not be the only reason for such differences. Qur
spectrophotometric data show that Mg2*ions influence the tilorone binding
to DNA. Since the Mg?*ion concentrations in both systems are different, this
may account for the variable sensitivity of both systems towards tilorone hydro-
chloride.

Table 21. Inhibition of reverse-transcriptase activity of RNA tumor viruses by tilorone
hydrochloride. Figures in parentheses are percent of control

System Tilorone hydrochloride 3-TMP incorporation into DNA
concentration (Ug/reaction  (cpm/reaction mixture)
mixture (0.25 ml))

MSV (Moloney) FLV (Friend)

Without virions — 7(3.2) 7 (2.6)
Virions + RNasel) - 31 (14.3) 39 (14.8)
Complete None 216 (100.0) 262 (100.0)
5 112 (51.8) 189 (72.0)
10 88 (40.5) 128 (48.8)
20 57 (26.4) 81 (30.9)

1) virions containing Nonidet P-40 were preincubated at room temp. 25 min with
50 ug/mi of pancreatic RNase.
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Munson e al. *7 have recently shown that DEAE-F is effective in inhibiting
the established Friend virel leukemia. They believe that interferon induction
may not be responsible for the antitumor activity of this compound. This sug:
gests that the virus-associated enzymatic activities, DNA polymerases, may
be sensitive towards the action of DEAE-F. Table 21 shows the inhibition of
reverse-transcriptase activity from MSV (Moloney) and FLV (Friend) by
DEAE-F.

Results presented in Table 21 show that the in vitro system is dependent
on the source of enzyme, i.e. virions, and sensitive to RNase. Preincubation of
virions with RNase blocks their activity to synthesize DNA. This shows that
the endogenic template, viral RNA, is required for the synthesis of DNA.
DEAE-F added to the reaction mixture inhibits the DNA-polymerase activity
in MSV (M) and FLV. At low concentrations (5 ug/reaction mixt.) of DEAE-F
the MSV (M) system is more sensitive than FLV. However, at higher concentra-
tions of DEAE-F the inhibition in both the systems is of the same magnitude.
It is interesting to note that concentrations as low as 20 yg/reaction mixt. are
able to inhibit approximately 70% of incorporation of 3H-TMP into DNA.

Table 22. Inhibition of DNA-polymerase activity from FLV (Friend) by tilorone hydro-
chloride in the presence of various templates. The figures in parentheses indicate the
percent of control (without DEAE-F)

Tilorone 3H—TMP incorporation into DNA 3H—-AGMP incor-
hydrochloride (cpm/reaction mixture) poration into DNA
concentration (cpm/reaction
(M2/0.25 ml mixture)
reaction mixture) ~ Poly (dA-dT)  Poly (tA-dT) PolyrA-  poly (dI-dC)
(dT)12

None 2387 (100.0)  5330(100.0) 572(100.0) 1797 (100.0)

5 460 (19.2) 5170 (97.0) 493 (86.2) 3707 (206.3)
10 292 (12.2) 3619 (67.9) 317 (55.4) 3962 (220.4)
20 190 (8.0) 2808 (52.6) 212 (36.5) 6842 (380.7)

Synthetic polymers containing either desoxyribonucleotide or ribonucleotide
strands are known to stimulate the in vitro DNA synthesis by RNA tumor viruses.
Some inhibitors of the DNA-polymerase reaction in RNA tumor viruses are
known to exhibit a template-primer specificity® 7+ 34) Table 22 shows the in-
hibition of template-dependent DNA polymerase activity of FLV by DEAE-F
at various concentrations. The reaction catalyzed by poly (dI - dC) is most
strongly stimulated by DEAE-F. Thus at 20 ug/reaction mixt. of DEAE-F the
incorporation of 3H—dGMP is almost 4 times that of control.

The present results show that the inhibition exerted by DEAE-F against
DNA polymerases from RNA tumor viruses is uniquely and selectively depen-
dent on the type of primer-template used in the assay system. The wide dif-
ferences between the inhibitory concentrations of DNA-dependent enzymatic
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reactions in RNA tumor viruses and bacteria could be of a significant thera-
peutic value. However, it would require more studies on the DNA-dependent
reactions in animal cells before one may speculate on its therapeutic superio-
rity. Studies on these aspects are in progress in our laboratory.

4. Modified Nucleic Acids

Mercapto-{5-SH )-polycytidylic acid has been shown by Bardos et al. 55) to
block the DNA-directed RNA synthesis at 1/2 to 1/50 of the concentration
of the unmodified DNA template used in the reaction. This mercapto deriva-
tive of polycytidylic acid (MPC) has been prepared by partial “thiolation” of
polycytidylic acid (PC) according to the general procedure of Bardos et al. 56 57),
the thiolated compound was gel-filtered through a Sephadex column and sub-
sequently, through an Agarose- 1.5 m (Bio-Gel A-1.5 m, exclusion limit
1,5000.000 mol. wt., Bio-Rad Labs.) column, then lyophilized and redissolved
in 0.1 M Tris-buffer8). This compound (conversion of 9.5% of the cytidylate
units to S-mercaptocytidylate) was studied in the DNA-polymerase system of
oncorna viruses.
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Fig. 23. Effects of thiolated polycytidylic acid MPC) and unmodified polycytidylic acid
(PC) on the DNA polymerase activities from MSV (Moloney) in the presence of poly rA*
(dT) 4 (® ®) and poly (dA-dT) (O O) as templates

Fig. 23 shows the effects of 5-mercapto-(9.5 %)-polycytidylic acid (MPC)
and modified polycytidylic acid (PC), respectively, on the incorporation of
SH—TMP into DNA by the DNA-polymerses of the MSV-M, in the presence of
either poly(dA-dT) or poly rA - (dT)14 as the template. The results obtained
with the same pair of modified and unmodified polycytidylic acid samples in
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the FLV DNA-polymerase assay, using the same pair of templates, are graphically
represented in Fig. 24

100 PC

PC

50
MPC

% INCORPORATION OF d-TMP
{3H-METHYL) INTO DNA

MPC

1 ' Il

10 20 30 40
POLYNUCLEOTIDE CONC. ( ug/REACTION MIXTURE)

Fig. 24. Effects of thiolated polycytidylic acid (MPC) and unmodified polycytidylic acid
(PC) on the DNA polymerase activities from FLV (Friend) in the presence of poly rA*
(dT) 4 (®-——®) and poly (dA-dT) (C O) as templates

It is clear from these graphs that the modified polynucleotide, MPC, signifi-
cantly inhibits the DNA polymerases present in both viral extracts; furthermore,
the inhibitory activity of MPC is very nearly the same in the two systems when
poly (dA-dT) is used as the template (50% inhibition at 18 ug/r.mix.), but in
the presence of poly rA - (dT);4 as the template, MPC acts as a much more
potent inhibitor of SH—TMP incorporation in the MSV-M assay system (50%
inhibition at 4 ug/r.mix.) than in the FLV system (50% inhibition at 35 ug/r.
mix.). In contrast, the unmodified polynucleotide, PC, stimulates DNA poly-
merase activity in both viral systems with poly (dA-dT) as the template, and
it shows slight inhibitory activity (only 25% inhibition, at 20-40 ug/r.mix.)
in the presence of the poly rA - (dT);4 template.

It is of considerable interest that this thiolated polynucleotide is capable
of distinguishing between two viral “‘reverse transcriptases” and that in the case
of the MSV-M enzymes, it shows much greater inhibition of the “reverse tran-
scriptase” than of the DNA-directed DNA polymerase. This suggests the possi-
bility that other thiolated polynucleotides, more closely resembling the RNA
of a specific virus than MPC, may show even greater selectivities as inhibitors
of the corresponding reverse transcriptase. Such modified polynucleotides are
currently being prepared and tested, in the hope that they may prove to be
useful tools for the identification and study of the reverse transcriptases found
in normal and malignant tissues and of the possible relationships of the latter
to oncogenic viruses. In addition, the feasibility of using such modified poly-
nucleotides as selective inhibitors in cancer chemotherapy is being examined.
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Recently we have thiolated nucleic acid fractions isolated from Ehrlich
ascites (EA ) cells. The activities of thiolated DNA, ribosomal RNA and transfer
RNA were studied in a DNA-polymerase system from Friend leukemia virions.
Of all the fractions tested transfer RNA, thiolated 1-3% showed a maximum
inhibition of DNA polymerases of oncorna viruses. Table 23 shows some of the
results obtained using thiolated tRNA.

Table 23. Effect of EA-tRNA on DNA polymerases of FL-virions

System % Incorporation of Control

Endogenic Reaction Poly 1A - (dT) ;4 Poly d(A-T)

Non-thiolated
(Mg/reaction mixture)

10 91 115 97
20 87 121 96
40 85 126 81
Thiolated (1-3%)

10 50 34 22
20 45 22 15
40 36 16 12

As follows from Table 23 the unmodified EA-tRNA does not inhibit the
DNA polymerase activity of FLV at the concentrations used in the incubation
mixture. However, at the same concentrations the thiolated EA-tRNA is a very
strong inhibitor of DNA-polymerase activities, endogenous as well as template-
dependent, of FLV. Experiments are in progress to modify nucleic acid frac-
tions of viral origin.

5. Conclusion and Future Prospects

Soon after the discovery of DNA polymerases in virions of RNA tumor viruses,
a great deal of hope was expressed that the discovery might lead to resolve the
possibility of the involvement of oncorna viruses in an inapparent form in
“spontaneous” or chemically induced tumors, especially in man. So far, there
has been some evidence in support that RNA tumor viruses are related to
human neoplasia.

Gallo and his colleagues®) were the first to report some kind of RNA-
directed DNA polymerase in tumor cells, but not in normal cells. They were
able to purify from the leukemic cells, but not the normal cells, a DNA poly-
merase which would use both natural RNA’s and poly A - poly (dT) as a tem-
plate. Moore et al. 5%) reported small numbers of particles resembling virions
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in human milk. These particles were found in high frequency in the milk of
Parsi (Indian) women and in relatives of people with breast cancer. These
particles banded at a density of 1.16 — 1.19 gm/cm? and were shown by
Schlom et al. ®® to contain a ribonuclease-sensitive DNA polymerase activity.
Hirschman et al 6 reported a DNA polymerase in some partially purified
preparations of Australia antigen. However, there was no correlation of poly-
merase activity and amount of antigen in different sera. Gallo et al 62) have
reported DNA polymerase activity in the particles, ESP-1, originally described
by Priori ez al.®¥ in the supernatant of a human cell line. The particles banded
at a density of 1.15 gm/em>.

The presence of enzymes which catalyze RNA-directed DNA synthesis in
virus-like particles, or neoplastic cells of human origin, described above, do not
necessarily confirm the role of RNA viruses in human neoplasia. However, these
discoveries lead to a possibility that studies with compounds, which are potent
and specific inhibitors of such enzyme(s) may be useful to design antitumor
compounds of future interest.
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Unique Biological Properties

The unique biological properties of at least two alkylating agents were first
observed at the end of the last century 1-3) but their pharmacology was not
studied intensively until some 40 years later when a series of alkylating agents,
the aliphatic nitrogen mustards (di-(2-chloroethyl)alkylamines) were investi-
gated because of their relationship to the chemical warfare agent, sulphur
mustard gas (di-2-chloroethy! sulphide) /. Although sulphur mustard had

been used earlier in attempts to treat cancer in animals and man® %), it was
the recognition by Gilman and his colleagues® 7 of the specific effects of an
aliphatic nitrogen mustard on lymphoid tissue and rapidly dividing cells that
first suggested that they might be used with advantage in the treatment of
lymphomas and leukaemias. Early encouraging results with tris-(2-chloroethyl)-
amine 2 and di-(2-chloroethyl)methylamine (HN2; 3) led to the synthesis and
testing of related derivatives® in attempts to obtain agents which maintained

CH,CH,Cl CH,CH,CI CH,CH,CI
s/ Cl-CHQCHz-N/ CH3-N/
AN CH,CH,CI N CH,CH,CI N\ CH,CH,CI
1 2 3

their anti-tumour potency but had less undesirable side-effects seen with these
early chemicals. It was soon recognised that while aromatic nitrogen mustards
such as N,N-di-2-chloroethylaniline (aniline mustard; 4), could be just as effective
as the aliphatic congeners in their anti-tumour action, two alkylating arms were
essential for activity. Monofunctional aromatic or aliphatic nitrogen mustards
such as N-2-chloroethylaniline 5 and 2-chloroethyldimethylamine 6 had no
effect on the growth of animal tumours.

/CHZ CH,Cl1 C\H3

QN\ {;>7NH-CHZ CH,Cl /N~CH2 -CH, (1
CH,CH, Cl CHs
4 5 6

Certain exceptions are known, but even where monofunctional nitrogen
mustards are active they do not have the same broad spectrumof action and
usually contain another functional group in the molecule® -10)

Once it was appreciated that the nitrogen mustards were acting as electro-
philic reactants, alkylating essential cellular macromolecules, other types of
chemical with similar properties were tested for their tumour inhibitory action.

a) g, Arnold, Topics Curr. Chem. 7, 196 (1963).
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Useful compounds were found amongst the sulphonoxy alkanes such as 1,4-
disulphonoxybutane (7; myleran, busulfan), the epoxides such as 1,2,3,4-
diepoxybutane & and ethyleneimines (aziridines) such as 2,4,6-tris(1-aziridinyl)-
S-triazine (Tretamine, T.E.M. 9).

CHZ_'CHZ
\N/
CH,- 0 - SO, CH, o T
(CHa), CH, CH-CH - CH, me NN cp,
g NP NS
CH,- 0 - S0, CH, ONTINAN
H, ¢ CH,
7 8 9

More recently a group of halogenated sugars have been found to have similar
properties to the bifunctional alkylating agents'?), 1,6-Dibromo-1,6-dideoxy-
D-mannitol, for example (DBD, Mitobronitol; /0) is now in clinical use, but

it i}sgelieved to act at least in part by transformation in vivo to the bis epoxide
11°%,

CH, - Br CH,
HO-C-H 0
HO - CH N
H-C - OH HO - CH
H-C-OH HC - OH
CH,Br HC
I
S
CH,
10 11

Later on other types of anti-cancer agent were discovered which showed some
resemblance to the above alkylating agents and which could also form electro-
philic reactants in vivo. However, they are sufficiently different in many of
their chemical and biological properties for them to be put in a separate cate-
gory from the classical difunctional alkylating agents. The most important of
these are the anti-tumour nitrosoureas such as N,N'-bis-2-chloroethyl-N-nitro-
sourea (BCNU; 12), the triazenes such as 5+(3,3-dimethyl-1-triazeno)imidazole-
4-carboxamide (DIC; 13) and hydrazine derivatives such as N-isopropyl-a-(2-
methylhydrazino)-p-toluamide (Natulan, procarbazine; /4). The cis-dichloro-
diamine platinum compounds, for example cis-dichlorodiammine platinum(II)
15, also show a close similarity to the alkylating agents in their biological
properties and their mechanism of action is probably analogous to alkylation.
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Wo N__CONH,
4 CH
. . -C-NH-CH,CH,Cl I 3
Cl- CH,- CH,N ' 2 CH, <N‘ N:N~N/
0 | \
H CHa,
12 13
CHa-NH~NH-H2C-</:>~CO-NH'CH (CH,),

14

Mechanisms of Alkylation

The chemistry of alkylation has been studied in particular detail for the difunc-
tional alkylating agents with anti-tumour activity. In most cases alkylation
proceeds through a second order nucleophilic substitution (Sy2) as exempli-
fied by the ethyleneimines:

CH,

e _ Hy0 -

R~N\l +A” —R-NH-CH, - CH,A +OH
CH,

or the epoxides;

— H,0 —
R-CH-CH, + A —— R CH - CH,A + OH
N b

Since both classes of agent act by a bimolecular mechanism their rate of
reaction with nucleophilic centres will be dependent on the concentration of
such centres. Both epoxides and ethyleneimines are more reactive under very
acid conditions. Ethyleneimides such as triethylenephosphoramide (TEPA; 16)
are also more reactive than ethyleneimines because of the electron withdrawing
properties of the oxygen atom which makes the methylene group of the ethyl-
eneimine ring more susceptible to nucleophilic attack.

CH,—CH,
AN
CH N
HN | N ’_
N—P=0 16
15 Pt cH,” |
HN ot 2 N
7N\
CH,—CH,
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The aliphatic nitrogen mustards act similarly after formation of a cyclic
immonium ion. The unimolecular conversion to the immonium ion is relatively
fast and once formed it reacts by an Sy2 mechanism at a rate dependent on
the concentration of nucleophilic centres;

CH,
. .
R,N - CH, - CH,Cl === RZN\} +Cl 23 R,N-CH, - CH, - A
CH,

There is some question as to the mechanism of alkylation of the less basic
aromatic nitrogen mustards and sulphur mustard. In these compounds the
lower basicity of the nitrogen or sulphur atom does not allow the formation
of a stable cyclic immonium ion analogous to the aliphatic nitrogen mustards.
They also show first order kinetics in that the rate of alkylation is often inde-
pendent of the concentration of nucleophilic centres. This can make important
differences in their biological properties. The toxicity of aliphatic nitrogen
mustards for instance, can be reduced by prior administration of thiosulphate,
which increases the rate of reaction of the alkylating agent before it reaches
sensitive tissues. There is no similar increase in the rate of reaction of aromatic
nitrogen mustards in extracellular fluid, and their toxicity cannot be reduced
by thiosulphate.l3)

The finding that for many aromatic nitrogen mustards chloride and hydro-
gen ions were always simultaneously released on hydrolysis, led to the sugges-
tion that the aromatic nitrogen mustards reacted through a carbonium ion
formed by unimolecular loss of chloride fon rather than by formation of a
cyclic intermediate analogous to the aliphatic nitrogen mustards'# 15 ),

R,N - CH, - CH,*

RzN : CH2 ' CHzCl RzN . CH2 : CHzA

\F“'R ; /C}Hﬁy
’ \CH2

It has never been entirely accepted that the aromatic nitrogen mustards act
exclusively through a carbonium ion intermediate !¢ 1M and for some aromatic
nitrogen mustards, chloride may be released at a significantly faster rate than
alkylating activity disag)pears, implying the formation of a relatively stable,
reactive intermediate!®) However, there is no doubt that for many aromatic
nitrogen mustards there is no accumulation of a cyclic intermediate and the
rate determining step is first order ionisation of the halogen atom.

In the sulphonoxyalkane series, some members alkylate predominantly by
an Sy 1 mechanism and others by an Sy2 mechanism!9),
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Biological Properties of Alkylating Agents

Animals dying from the toxic effects of alkylating agents usually show bone
marrow hypocellularity, generalised lymphoid depletion and damage to intes-
tinal mucosa and other epithelial surfaces®®: 21 Death may be a result of the
loss of body fluids due to intestinal mucosa damage or of the sequelae of bone
marrow damage. Other side effects that may occur include alopecia, bladder
cystitis, kidney damage and effects on the central nervous system. Individual
agents may have characteristic side effects. For instance, N,N-di-2-chloroethyl-
N'-O-trimethylenephosphordiamide (Cyclophosphamide, Endoxan; 17) causes
severe alopecia when administered for the first time and cystitis, presumably
because it has a relatively sparing action on the bone marrow and platelets
which allows the administration of high doses. Young rats injected with certain
nitrogen mustards containing carboxylic acid substituents often die, within
minutes, with convulsions. Survivors later show first damage to the intestinal
mucosa (four to six days after injection) and later bone marrow damage (usual-
ly grossly apparent about 5—10 days after injection). For some alkylating
agents such as myleran 7 the bone marrow is the most sensitive site and at
minimum lethal doses deaths in rats will occur around 11—15 days. Other
alkylating agents have a greater effect on the intestinal mucosa of rats and

the majority of deaths will be between four and six days, except for those
which kill acutely, within minutes. Although there may be variations in partic-
ular side effects, the alkylating agents are broadly similar in their toxicology
and there seems no doubt that all act by a similar mechanism of action. The
only possible exceptions are myleran and its 1,4-dimethy] derivative (dimethyl
myleran; 18) which are sufficiently different in many of their biological prop-
erties for them to be classified separately?2).

0
CH CH
ClcHy-cH,  IL,O—CH: P P
NP CH, CH; - SO, - 0 - CH(CH,),  CH - O - SO, - CHj
Cl-CH, CH,  NH—CH,
17 18

As with X-irradiation, which the alkylating agents resemble, all types of
cell would be damaged at high enough dose levels. Whole animal toxicity,
however, is a result of damage to the most sensitive cells, and there is no
doubt that with few exceptions, these cells are those that are rapidly dividing.
Alkylation is apparently a much more toxic event if cells are forced to divide
a short period after administration of an alkylating agent. Thus growing root
tips and shoots of plants and germinating seedlings are the most sensitive vege-
table cells % 23), while bacteria in exponential growth are more affected than
when growing slowly in minimal media®?. Similar observations have been
made in a variety of systems ranging from bacteria, yeasts, higher plants and
invertebrates to vertebrates including primates. In all cases, at physiological
dose levels, tissues with a high mitotic index are the most sensitive. Cell death
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is apparently the results of unbalanced growth, RNA and protein synthesis
being out of phase with DNA synthesis. Other agents can act in a similar
way 25: 26) and the process is similar to ‘thymine-less’ death described in
bacteria®?).

In recent years it has been shown that dividing cells pass through a number
of distinct phases between each division. Immediately after mitosis, each daugh-
ter cell undergoes a period of protoplasmic growth during which there is RNA
and protein synthesis and a build-up of the various products required for nor-
mal cell function. This period, the G is then followed by a DNA synthetic
period (5) devoted almost entirely to DNA replication. The various products
necessary for this period of DNA synthesis have been prepared at the latter
part of the G period, sometimes referred to as the late G'y. After duplication
of the DNA content of the cell, there is a relatively short period, the G,, during
which the cell prepares for the final mitotic phase of the-cell cycle (M). It has
been found that some anti-cancer agents are phase specific, killing only those
cells which are in a particular phase of the cycle. The majority of other anti-
cancer agents, including the alkylating agents, are proliferation dependent,
again acting only on cells in cycle but at all phases of the cycle2®: 29). Many
tissues comprise cells which remain in Gy and thus are not sensitive to anti-
cancer agents. Such ‘resting’ celis may also be found in malignant tissue and
limit the success of chemotherapy3°). After treatment has removed all dividing
cells the resting cells which escape treatment may then enter the cell cycle and
proliferate to reform the tumour.

Mechanism of Action of Alkylating Agents

Electrophilic reactants under the appropriate conditions react with any molecule
containing a nucleophilic centre such as an ionised hydroxyl, thiol, phosphate

or carboxylic acid group or an uncharged amine. The observation that the
alkylating agents react co-valently with a variety of cell molecules even after
administration of small doses is not therefore surprising. The identification of
such molecules is of interest but does not necessarily prove how these com-
pounds exert their cytotoxicity. Thus early studies on the alkylating agents
showed that many enzymes reacted co-valently, but at physiological dose levels
the total alkylation was small compared with the number of enzyme molecules
present, so that a serious enzyme inhibition did not necessarily result'®). At
present the most satisfactory working hypothesis is that DNA is most sensitive
to alkylation and it is some aspect of inhibition of DNA function that is the
primary cause of cytotoxicity. Because of its high molecular weight, the alkyla-
tion of DNA expressed on a molar basis is far higher than the alkylation of
protein, RNA or any other macromolecule. The assumption of DNA as the
target site neatly explains why bifunctional agents are so much more cytotoxic
for tumours than monofunctional analogues. Only ‘the former can cross-link
DNA and it is proposed that this is the principle cause of mitotic inhibition3'> 32,
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There are several regions of the DNA molecule likely to be alkylated and al-
though at one time it was thought that cross-linking of guanine moieties of
adjacent DNA strands in the N4 position was the predominantly toxic reaction,
this view has now been modified and it is accepted that inter or intrastrand
cross linking of a number of nucleophilic centres occurs and all may well
contribute to cytotoxicity. Following alkylation of a purine base in DNA,
the base may be lost from the chain which is then less stable and may break
down further. In cross linked DNA, the breakdown is likely to be more serious
since after depurination in adjacent regions both strands would be unstable
and main chain scission would be likely to occur. This difference between mono-
functional and difunctional alkylating agents can adequately explain the dif-
ferent biological properties of the two classes and is the basis of the evidence
for DNA as the essential target for the latter compounds. Monofunctional alkyla-
tion is less destructive but can cause sub-lethal damage to DNA, leading to muta-
tions, including carcinogenic changes. It is well established that, although the
monofunctional agents are not good tumour inhibitors, they are at least as ef-
ficient as difunctional compounds in their mutagenic and carcinogenic action.
The sensitivity of DNA to alkylation receives support from a wide variety
of experiments which have shown, among other things, that DNA viruses are
more susceptible than RNA viruses and that DNA synthesis in many cell lines
isinhibited at dose levels that have no effect on RNA or protein synthesis.
There is also a correlation between the sensitivity of mammalian and bacterial
cells growing in vitro to alkylating agents and their ability to repair alkylated
DNA. Other mechanisms of action have been proposed to account for the
effects of individual alkylating agents>3~3%), While these may play a role, it
is quite clear that cells with acquired resistance to one alkylating agent are
cross resistant to all others and indicates that all act by a common pathway.

Difunctional Alkylating Agents with Anti-Tumour Action

The nitrogen mustards were the first chemicals to have significant anti-tumour
activity in man, and their discovery was made at a time when there was an ex-
panding effort in cancer research. Many of the problems of cancer chemotherapy
such as the poor predictability of animal models and the variable response of
the different types of human tumour to treatment were not realised. It was

the optimistic aim to discover a chemical with highly selective action against
all classes of cancer. Not surprisingly, a considerable number of alkylating
agents were synthesised, almost at random, and tested for their anti-cancer
activity in animal models373%) It was, however, soon realised that the ma-
jority of alkylating agents had very similar anti-tumour properties and rational
approaches were soon developed in attempts to select more useful agents. It
was found, for instance, that there was a correlation between chemical reac-
tivity and anti-tumour action'>’ 19 1f agents were very chemically reactive
they often had no anti-tumour effects when administered systemically, because
they reacted completely before reaching the tumour. On the other hand, a
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chemical with very low reactivity was excreted before a sufficiently high level
of alkylation could take place and, although non-toxic, was also not an effec-
tive anti-tumour agent. An optimum level of chemical reactivity therefore
existed for a compound administered systemically. Sulphur mustard, for
example, with a half-life for hydrolysis of only a few minutes, does not effect
the Walker carcinoma iz vivo, nor do non-metabolisable azo-mustards with a
half-life of many hours. The majority of the clinically useful nitrogen mustards,
such as aniline mustard (4), melphalan (p-(di-2-chloroethylamino)-L-phenyl-
alanine; 79 and chlorambucil (p-(di-2-chloroethylamino)phenylbutyric acid;

20 have half-lives for hydrolysis of between 30 and 90 min.

Cl- CH,- H,C Isz Cl- CH,- HZC\
>N@CHZ .CH /NOCH, . CH, - CH,- COOH
Ci- CH, H,C éOOH Cl- CH, H,(
19 20

This correlation between chemical reactivity and anti-tumour action later
enabled a rational approach in the design of anti-tumour agents. On the one
hand, mustards were synthesised with half-lives of only seconds, for administra-
tion directly into arteries supplying the tumour and, on the other hand, agents
were prepared with very long half-lives and therefore inactive but which might
be selectively metabolised in the tumour to active compounds.

Clinically Useful Alkylating Agents

Despite the synthesis and testing of many thousands of alkylating agents, only
a handful are in general clinical use, and HN2 3, one of the first to have a
clinical trial, is still used, particularly in the treatment of lymphomas, especial-
ly Hodgkin’s disease*0- 41), Melphalan 79 has been widely used in the treat-
ment of melanoma and from time to time against a number of other tumours
which also respond to cyclophosphamide, especially myeloma. Chlorambucil
20 is a frequent treatment for chronic lymphocytic leukaemia and is also used
against ovarian carcinoma. Cyclophosphamide /7 is the most popular nitrogen
mustard in cancer chemotherapy and is claimed to have a wider spectrum of
action than other alkylating agents, being the only one, for instance, to be
used in combination with other agents in the treatment of acute lymphoblastic
leukaemia. A number of epoxides have had clinical trials over the years but
none have displaced the nitrogen mustards mentioned above. However, the
finding that many mannitol derivatives may form dianhydro structures in vivo,
has led to a renewed interest in epoxides and some diepoxides derived from
mannitol have had clinical trials recently. Triethylene melamine (TEM; 9) had
high selectivity against many animal tumours but became discredited as a
clinically useful agent because of its variable toxicity. Like most ethylene-
imines, it is more reactive under acid conditions and therefore subject to acid

149



T. A. Connors

catalysed breakdown in the stomach, depending on the amount of acid present.
Although this variability could be partially avoided by simultaneous administra-
tion of sodium bicarbonate to fasting patients, it is no longer used. ThiocTEPA
(sulphur analogue of /6) hes been used in the topical treatment of surface tu-
mours but has no special advantage over the more generally accepted agents.

The sulphonoxyalkane myleran (busulfan; 7) has distinct biological prop-
erties causing a particularly pronounced suppression of granulocytes. Mainly
for this reason it has been traditional choice for chronic myeloid leukaemia
but more recently other alkylating agents have proved to be just as effective
in the treatment of this condition.

The earliest alkylating agents were assessed as single agents in clinical trials
and if the trial was adequate it was possible to determine whether a new agent
had advantages over one in clinical use. However, for some tumours more than
one class of chemotherapeutic agent may be effective, and it has been found
that with certain drug combinations the results of treatment are far superior
to those obtainable using single agent chemotherapy. A new alkylating agent
can only be tested against such tumours as part of a drug combination, replac-
ing the conventional alkylating agent, and the comparison between the two
agents is more difficult to make. New alkylating agents will continue to be
synthesised but only if there is a good reason that they will be more selective
clinically than presently availablé analogues.

Selectivity of Action of Alkylating Agents

The alkylating agents do not kill cancer cells exclusively but under certain
conditions they can cause complete regression of established tumours in
animals and man at tolerated dose levels*? 43). A variety of factors may
operate to ensure that an injected alkylating agent reacts with essential mole-
cules in the cancer cell to a greater extent than in sensitive host cells. Drug
uptake is an important factor and a cytotoxic agent with an affinity for tu-
mour tissue would be more selective than one taken up equally by all cells.
Metabolic pathways are known which can detoxify some alkylating agents
and if only normal cells had such pathways they would obviously be less
sensitive to alkylation than malignant cells. Alternatively, metabolism might
chemically activate some alkylating agents and cause them to be more toxic
and, in this case, it would be an advantage for the metabolic pathway to be a
unique feature of the tumour cell. Alkylating agents may be prevented from
reaching DNA by reaction with unimportant molecules and the concentration
of these molecules may vary from cell to cell playing a role in determining the
sensitivity of the cell to alkylation. All cells also have mechanisms for repairing
DNA damaged by alkylation®#), and the loss of this process by tumour cells
would make them highly susceptible to alkylating agents.

Any of these factors can ensure that at tolerated dose levels there is a high
tumour cell kill and perhaps complete tumour eradication.
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Selective Uptake by Tumour Cells

The distribution, metabolism and excretion of many alkylating agents have
been studied in mammals and less frequently in man?2!> 45). Generally they
show no selective localisation in sensitive organs such as tumour and bone
marrow. There is also a uniform distribution amongst cellular particles and
macromolecules with alkylation of many different sites. On injection, alkyla-
ting agents distribute fairly uniformly throughout the body with the highest
concentration usually occurring in kidney and liver. The tumour, particularly
if it is a large mass with a poor blood supply to inner areas, usually takes up
less drug despite the fact that it may be sensitive to treatment. Fig. 1 shows
the uptake of various chemicals by the Walker carcinoma and liver.
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Fig. 1. Uptake of small molecular weight material by the solid Walker carcinoma (

)

in rats compared with liver (L. _. .. ). Chlorambucil and CB 1954 cause complete tumour
regression but neither are taken up selectively by the tumour. In contrast sulphadiazine
shows a much greater concentration in the tumour than in the liver

Very few compounds attain a high concentration throughout the tumour,

even though some like chlorambucil can cause complete tumour regression.
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An exception is sulphadiazine which concentrates selectively in the tumour®®.
This is probably a result of the low pH of the tumour caused by its high
anaerobic glycolytic rate and production of lactic acid*”). At this lower pH
more sulphadiazine is precipitated as the unionised form, which is very in-
soluble, than in cells at physiological pH. Sulphadiazine is not an anti-tumour
agent in its own right, but it has been used as a carrier to transport cytotoxic
nitrogen mustard groups (sulphadiazine mustard; 27) and triazenes (sulpha-
diazine triazene; 22). Although the former compound had the requisite
physico-chemical properties, if did not concentrate in tumours in the same
way as sulphadiazine. The latter, however, does concentrate and appears, in
preliminary experiments, to be a highly selective anti-cancer agent.

Cl- CH, H,C N HsC N
>N©—soz NH—~/ } >N‘N=N4©—SOZ NH~/ N
= =/
Cl- CH, -H,C N H,C N
21 22

Other attempts to exploit the pH difference between malignant and normal
cells have involved the design of agents with basic aliphatic side chains which
should concentrate in the tumour cell and the use of agents chemically acti-
vated at low pH 4% 49),

Concentration in tumours may also be achieved by designing alkylating
agents such as 23 which have a half life of only a few seconds and injecting
them directly into the afferent vessels supplying the tumour®®.

CH,- S CH, - CH,Br

|
HOOC—QO -CH, -CH-S- CH, - CH,Br

23

Such compounds react within the tumour bed but hydrolyse before reaching
sensitive areas of the body such as bone marrow 23 has been used clinically
in the treatment of head and neck cancer®V. A related approach is to design
alkylating agents which are chemically unreactive, but which can be activated
in the appropriate tissue to form derivatives of such a short half-life that they
react only in the tissues where they are activated. This is the principle behind
the design of compounds for the treatment of primary liver cancer52). The
administered alkylating agent is an azomustard 24 which is non-toxic and not
chemically reactive. Malignant hepatocytes have a high level of azo-reductase
and reduce the azo-compound to the amine 25 which alkylates readily but
only has a half-life of 41 sec. Alkylation will therefore occur predominantly
in the liver, including the malignant liver cells, and the bone marrow and other
sensitive normal tissues will be protected.
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Selective Activation by Tumour Cells

The principle behind the design of latently active alkylating agents was that
they should be activated in tumour cells selectively. Compared with most other
cells, however, tumours tend to be low in drug metabolising enzymes and com-
pared with their tissue of origin have lost rather than gained particular enzymes.
The chances of discovering alkylating agents selectively activated by tumours
are therefore not good, but in rare instances this pathway can be responsible
for the good anti-tumour effects obtained with an alkylating agent. Advanced
plasma cell tumours in mice undergo complete regression after small doses of
aniline mustard (4) but not related agents. It was eventually shown*? 5> 54)
that on injection, aniline mustard was converted to a large extent to the O-
glucuronide 26 in the liver. This was a detoxification reaction since the glucuro-
nide, later prepared synthetically, had an LDg, some three times higher than
that of the parent compound.

COOH CH,- CH, Cl
CH, - CH,Cl 00 N
N/ Liver \
\ — foH CH, - CH, Cl
4 O 2
Tumour HOON<CH2 -CH,Cl
27 CH,- CH,Cl
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However, sensitive tumours had abnormally high levels of g-glhucuronidase,
some of it extra lysozomal, which converted the glucuronide to the highly
toxic p-hydroxyaniline mustard 27 causing selective tumour cell kill. The
clinical application of these findings consist of administering aniline mustard

to patients whose tumours have been shown at biopsy to have high levels of
glucuronidase>®). Extension of this work would be the use of the O-glucuronide
of aniline mustard in the treatment of cancers shown to be high in §-glucuro-
nidase and the use of related phosphates and sulphates against tumours high

in sulphatase and phosphatase.

Selectivity by Deactivation in Normal Tissues

Since tumours, particularly rapidly growing ones, tend to lose enzymes, it is
likely that selectivity may be achieved by the use of an alkylating agent that
can be detoxified by an enzyme only present in normal cells. Some alkylating
agents can be readily detoxified in vivo by known metabolic pathways. HN2,
for instance, is demethylated in liver to the less active nor-HN2°%), and aromatic
nitrogen mustards can be converted to their less toxic monofunctional ana-
logues 3 7). There is no evidence, however, that any of these mechanisms do
protect bone marrow cells from the alkylating agents since the enzymes respon-
sible occur mainly in the liver.

It has recently been proposed that the high selectivity of cyclophosphamide
may be due to selective detoxification of a potentially cytotoxic metabolite in
normal tissue®®. Originally prepared as one of a series of latent alkylating
agents that might be activated by tumours®®, it was soon found that cyclo-
phosphamide was activated predominantly by an initial metabolic step in the
liver®®). Experiments of the kind shown in Table 1 demonstrated that while

Table 1. Activation of cyclophosphamide by liver microsomes

Dose to kill 90% tumour cells

Walker tumour in vivo 20 ug/ml
Walker tumour in vitro 6,000 ug/m!
Walker tumour in vitro 10 ug/ml

+ liver microsomes + NADPH

low concentrations of the drug could cause complete tumour inhibition in
vivo, it was innocuous to the same cells in vitro, unless liver microsomes and
an NADPH generating system were added. Extensive work to elucidate the
mechanism of action succeeded in identifying the propionic acid derivative
28 as the major metabolite®? as well as the 4-keto derivative®® 29. None of
these compounds had any appreciable activity however and it was later shown
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that acrolein 30 and phosphoramide mustard 37 were produced on incubation
of cyclophosphamide with liver microsomes®# ©%). These facts plus the identi-
fication of a derivative of 4-hydroxycyclophosphamide 3258 Jed to the fol-

lowing scheme being postulated for the selective action of cyclophosphamide.

0
| O——CH,
(C1- CH,CHy), -N-P_ “cH,
NH—CH,
Liver
0
| O~—CH,
(C1- CH,CH,), - NP ScH,
i NH—CH
Evﬂym:\ g\ss"a 32 |
o @oﬁ“ OH
| o—CH,
AN
(C1-CH, - CH,), - N-P CH, ﬁo -
— 2
o NH—C %
N"; ;"’“"’ : (C1* CH, - CHy), - N-P_ “CH,
33
CHO
0
h [ o
{Cl- CH, - CH,),- NP ?HQ (Cl-CH, CH,), P° + CH,=CH-CHO
N2 coon NHz
Non-toxic Toxic Toxic
28 31 30

The initial metabolism of cyclophosphamide is in the liver to the 4-hydroxy-
derivative which is in equilibrium with the tautomeric aldehyde 33. It is proposed
that selective anti-tumour action would result if normal cells could detoxify
this metabolite by enzymatic conversion to known excretory products, the
4-keto or propionic acid derivatives 24 and 28. In the absence of such enzymes
the metabolite is known to be unstable and to break down to acrolein 30 and
phosphoramide mustard 37, both of which are very toxic to cells in culture®®).
Selective formation of these toxic breakdown products in tumours that have
lost the appropriate detoxifying enzymes could obviously result in toxicity.

The proposed scheme requires confirmation, 'however, the 4-hydroxy
metab6071§te has recently been synthesised and should enable the theory to be
tested®’’.
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Selectivity from Competing Nucleophiles and Defective Repair

If DNA is the target site for alkylating agents then cytotoxicity will presumably
be related to the level of permanent DNA alkylation. Even though two cells
take up equal quantities of an alkylating agent, the level of DNA alkylation
may differ considerably if one cell but not the other has a high concentration
of a non-essential nucleophile which competes with the DNA for alkylation.
It has been shown many times that, by increasing the thiol content of a tissue,
the sensitivity to alkylating agents is reduced because of a smaller amount of
DNA alkylation®8: 69), The inherent sensitivity of a tumour may therefore be
dependent on the intracellular concentration of non-essential nucleophiles.

In this connection it has been shown that the response of a range of trans-
planted tumours to a nitrogen mustard can be correlated with the ratio of free
to protein-bound thiol content’®.

The repair of damaged DNA takes place as a normal cell function and in
its absence, pathological symptoms may result such as xeroderma pigmentosa,
which is characterised by an inability of epidermal cells to repair thymidine
cross-linking caused by U.V. irradiation. It is likely that malignant tissues
which are highly sensitive to alkylating agents have lost the ability to repair
DNA efficiently. In this situation an alkylating agent could be highly selective.

Development of Resistance

The bifunctional anti-tumour agents actually only inhibit the growth of a
small proportion of animal tumours. Many, some rapidly growing, are not
effected even at maximum-tolerated doses. Similarly in man, although
Burkitt’s lymphoma is very sensitive to cyclophosphamide and merophan
(the ortho-racemic analogue of melphalan), the more common solid tumours,
the carcinomas of the lung and digestive tract, do not respond at all the alkylat-
ing agents. Even tumours which are initially sensitive to alkylating agents may
become resistant on treatment. The study of acquired resistance is of obvious
importance since it may lead to ways of overcoming the development of
resistance and thus allow continuous treatment until every malignant cell

has been eradicated.

Resistance can theoretically arise by a number of mechanisms and
generally they are the reverse of the conditions for selectivity just described.
Resistance could thus be a failure to concentrate a drug or to activate a latent
agent. Conversely, it could be the outgrowth of cells with a high level of non-
essential nucleophiles or of the appropriate drug detoxifying enzyme.

However, where quantitative studies have been made on tumours with
acquired resistance to a particular alkylating agent, it is a general finding that
such tumours are then cross resistant to all other difunctional agents36-72) .
There must therefore be some basic mechanism of resistance which can work

36, 71)

156



Alkylating Agents

equally well for all agents of this class. Because of the variety of structures in-
volved, it is difficult to envisage a mechanism whereby the enzymatic deactiva-
tion of all agents could occur. Monodechloroethylation can convert difunctional
nitrogen mustards to the inactive monofunctional derivatives, but it is unlikely
that such an enzyme could also act on ethyleneimines and epoxides. A possible
common mechanism could be an increase of reactive nucleophiles close to the
sensitive sites of DNA, thus protecting it from alkylation. This could be achieved
perhaps by the thiol groups of a nucleoprotein acting as the protecting nucleo-
phile, but there is no good experimental evidence for this. An induction of a
DNA repair mechanism would represent a general pathway for the acquisition
of resistance and such a pathway has been shown to be present in mammalian
cells”®. DNA can be repaired in a number of ways** but for alkylated DNA

the so-called excision repair is most likely. This is initiated by an endonuclease
which makes a cut in the DNA strand close to the area of alkylation. A portion
of the strand, including the damaged region is then removed by an exonuclease.
Subsequently a replacement section is synthesised by a polymerase and fitted
into the strand by a ligase enzyme.

Resistance can be due to selection of celis already present in the tumour
and which survive alkylation, or a result of enzyme induction in non-lethally
alkylated cells. If excision repair is the major cause of resistance, then sensi-
tivity might be restored by interfering with the repair process, and some pro-
gress has already been made in this direction”®.

Triazenes with Anti-Tumour Activity

3,3-Dimethyltriazenes were first shown to have anti-tumour activity a number
of years ago”5), but the development of a clinically useful agent came from
attempts to design antagonists of 4-aminoimidazole-5-carboxamide (AIC) whose
ribotide is a precursor in purine biosynthesis. 5(3,3-Dimethyl-1-triazene)
imidazole-4-carboxamide (DIC; 13) is probably the most effective agent in

the treatment of melanoma’®. There is no evidence however that DIC is an
antagonist of purine biosynthesis and other triazenes not containing the imid-
azole ring are just as effective as DIC in inhibiting tumour growth?”), the es-
sential requirement being the presence of a triazeno group containing at least
one methyl substituent in the 3 position (Table 2). Although the triazenes

are at the moment only of limited clinical use, they have shown a remarkable
specificity of action against a variety of animal tumours. From their spectrum
of action it is clear that they differ from the difunctional alkylating agents
(Table 3). They are very effective against tumours such as the plasma cell
tumour which responds to many alkylating agents but also active against the
TLX 5 lymphoma which is completely unresponsive to all difunctional alkylat-
ing agents. In their spectrum of action the triazenes closely resemble the nitro-
soureas and it is likely that both act by similar pathways.
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Table 2. Effect of various triazenes on the growth of the TLX 5§ lymphoma.

Survival time of the animal is related to the number of viable tumour cells injected and
thus the % increase in survival time (% IST) is a direct measure of tumour cell kill. There
is no correlation between dealkylation and anti-tumour activity. However, at least one
3-methyl group on the triazene is necessary for activity

Compound Optimal % 1ST Toxic % Substrate
dose dose dealkylation
CH,
QN:N N 16 53 128 41.6
CH,
/CH3
N:N—N\ 16 79 128 21.4
CH,
CONH,
/(jl HS
NZN——N\ 50 63 200 49.0
CH;
CONH,
/Cz H;
NZN“N\ Inactive Inactive 200 46
C,H;
CONH,
N-_-COOC, H,
H,c—/ I CH,
ITI N:.N——N\ 25 67 200 53
H CH,

Table 3. The effect of different classes of anti-tumour agent on some transplanted tumours.
The TLXS (R) is a line with acquired resistance to a triazene and is cross resistant to BCNU.
Triazenes and BCNU are active against tumours which do not respond to anti-metabolites

and others that are insensitive to alkylating agents. The platinum complex was cis dichloro-
bls(cyclopentylamme)platmum(ll) and the triazene 5-(3,3-dimethyl-1-triazeno)-4-carbe thoxy-
2-methylimidazole

Tumour

PCe6 Walker TLXS TLX5 (R)

{an an (% ILS) (% ILS)
Triazene 86 8 67 Inactive
Cyclophosphamide 136 22 Inactive Inactive
BCNU 96 30 197 19
Platinum complex 200 8 Inactive - Inactive
Methotrexate Inactive Inactive 55 84
Cytosine arabinoside Inactive Inactive 39 51
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Mechanism of Action of Triazenes

Like many other cytotoxic agents the triazenes are also carcinogenic and many
of the studies on their mechanism of action have been with the aim of elucidat-
ing mechanisms of carcinogenesis78). Two metabolic fates of the triazenes are
envisaged. In the light or under acid conditions they may breakdown to form
diazonium compounds. Since this is predominantly a light catalysed reaction

it is unlikely to be of biological significance unless there are regions of tumour
cells sufficiently acidic to produce small quantities of diazonium compound.

N _CONH, ' N— _CONH,
(I CH, (I" . +(CHy),-NH
NTON=N-N( N-"“N=N
H CH,- OH H
N-__CONH,
I +H - CHO
N~ “N=N-NH - CH,

N__CONH,
(I +HO - N=N - CH,
NTONH,
H l—OH
N,
CH}

The diazonium derivatives of certain of the triazenes are stable enough to be
isolated and they have been shown to be extremely toxic to many tumours in
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vitro. However they are not good anti-tumour agents because they are also
toxic to whole animals so no selectivity is obtained””). An alternative pathway
involves demethylation to the mono methyl derivative, which rearranges and
subsequently breaks down to methyl carbonium ions. It is postulated that
methylation of essential macromolecules accounts for both the anti-tumour

and carcinogenic action of these compounds. It is difficult to see how by this
mechanism the triazenes kill tumours which are resistant to bifunctional alkylat-
ing agents. One would need to assume that methylation is a much more lethal
action than the types of alkylation caused by a difunctional agent such as
cyclophosphamide. Furthermore, powerful methylating agents such as N-
methyl-N-nitrosoguanidine are ineffective against tumours sensitive to triazenes.
A further problem is that 3,3-diethyl analogues of the triazenes are just as toxic
to cells in vifro but have no anti-tumour activity in vivo. De-ethylation occurs
just as readily as demethylation (Table 2) and presumably the product then
breaks down to form diazoethanehydroxide which can alkylate molecules in
the same way as the methyl analogue. If methylation is the essential reaction
for anti-tumour activity then it must be presumed as a more important reaction
than ethylation.

The high anti-tumour selectivity of the triazenes and their broad spectrum
of action requires further investigation since it may eventually enable the de-
sign of agents for clinical use which maintain their anti-tumour specificity but
do not break down into products which are toxic but not tumour inhibitory.
The role of formaldehyde produced by the active dimethyl derivatives but not
by the inactive diethy] analogues, may be important. It has also recently been
proposed that toxic products formed by triazenes may be neutrahsed by factors
in the cytoplasm of normal tissues but not in sensitive tumour cells’’

Nitrosoureas with Anti-Tumour Activity

The slight activity of 1-methyl-1-nitrosourea (MNU; 34) against the 11210
leukaemia was discovered as a result of the American National Cancer Insti-
tute’s large scale screening programme. An investigation of related structures
culminated in the discovery of the highly active BCNU 72 and 1-(2-chloroethyl)-
3-cyclohexyl-1-nitrosourea (CCNU; 35) and its trans-4-methylderivative (methyl

CCNU).
i i
CHg'I\Il-C-NH2 <:>—NH-C-ITI-CH2-CH2C1
NO NO

34 35

Like the triazenes, the nitrosoureas show many points of resemblance to
the difunctional alkylating agents. They inhibit a range of animal tumours
sensitive to alkylating agents, but not a hamster tumour with acquired resis-
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tance to cyclophosphamide”. In their side effects they are similar to the
alkylating agents causing bone marrow hypoplasia and a suppression of peri-
pheral blood leucocytes and platelets which is the limiting toxicity in man.
Unlike the alkylating agents, the bone marrow damage is not rapid in onset
but only occurs in man some 3—4 weeks after administration, lasting about
three weeks. BCNU and related nitrosoureas can cross the blood-brain barrier
and have been reported effective in the treatment of intracranial metastases

Table 4. Effect of metal complexes on the established plasma cell tumour.
The IDgg is the minimum dose that causes complete tumour regression.
TT = Therapeutic Index

Compound Activity against the plasma cell tumour
LDsg g I
(mg/kg) (mg/kg)
H3N “ /01
Pt 13.0 1.6 8.1
AN
HN s a
H3N a
N
Pt 27.0 >27.0 <1.0
al 7N NH;
H3N cl
N
Pd 50 >50 <1.0
H3N/ ™ a
H3N a
\ /
H3N— Rh—Cl 225 86 26
H3N/ Na
H;3N a
H3N>Ir—éC1 1500 >1,500 <1.0
H3N/ g
H3N /c1
H3N>Ru——Cl 132 >132 <1.0
H3N/ \c1
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and in combination with other agents, in the treatment of meningeal leukaemia.
BCNU has also been used against Hodgkin’s disease and other lymphomas.
Methyl CCNU appears to be particularly effective against animal tumours with
cell kinetics more closely resembling solid human tumours, possibly because

it has an action against cells which are not proliferating. It is therefore at pres-
ent on clinical trial against a number of solid carcinomas.

Mechanism of Action

Despite obvious similarities to the bifunctional alkylating agents, the nitro-
soureas have a completely different spectrum of anti-tumour action. Although
little is known about their mechanism of action, they can break down in vivo

)
I
CICH, - CH,- ITI -C-NH-CH, -CH,Cl
NO

|

0
[ =N - CH, - CH,Cl
)

NO
36

|

CH,=CH-N=N-OH + CICH, CH,-NCO
37 38

/

CH,=CH -N=N" +0H
Cl-CH,- CH, NH,

// 39

CH,=CH" +N,

/120

CH,=CHOH

l

CH; - CHO
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(unlike the triazenes, no enzymatic activation step is necessary) to a variety

of monofunctional alkylating agents. A possible mechanism of action of BCNU
involves the loss of HCI to form an oxazolidine 36 which subsequently breaks
down to the diazohydroxide 37 and an isocyanate 38. Acetaldehyde may be
formed from the diazohydroxide and the isocyanate may break down to the
alkylating 2-chloroethylamine 39. The latter can also react with unchanged
2-chloroethylisocyanate to form 1,3-bis(2-chloroethylurea which is not an
active anti-tumour agent. The role of the various breakdown products in deter-
mining the anti-tumour action of BCNU is not clear. It is not likely that the
acetaldehyde formed is of importance since related fluoroethylnitrosoureas

are also active but form fluoroethanol in place of acetaldehyde. The diazo-
hydroxide can alkylate as well as the chloroethylamine formed from the iso-
cyanate and these must be considered as important breakdown products. How-
ever, no alkylating agent similar to chloroethylamine would be formed from
the cyclohexylureas which are just as active as BCNU. The isocyanates which
are formed from all active nitrosoureas may play a major role since it has been
shown that in vitro, the isocyanate from CCNU simulates the parent compound
in its cytotoxic properties79). Inhibition of protein synthesis by the isocyanates
from nitrosoureas is thought to play an important role in tumour inhibition,
perhaps combined with monofunctional alkylation. Besides affecting protein
synthesis, the nitrosoureas cause a marked inhibition of de novo purine bio-
synthesis and therefore of nucleic acid synthesis. They also interfere with the
utilization of histidine in one carbon metabolism through the inhibition of
formiminotransferase, and cause alteration in NADase and DNA nucleotidyl-
transferase activityso‘sz). The high selectivity of the nitrosoureas may be due
to a unique combination of properties such as their ability to penetrate certain
cells and the breakdown to a number of products acting on different pathways.
It seems likely that their mechanism of action is a complex one and may involve
attack at more than one site. Alkylation may attack essential molecules like
DNA, for example, and carbamoylation of proteins may interfere with the
enzymes necessary for its repair.

Platinum Compounds with Anti-Tumour Activity

New classes of anti-tumour agent may, like the nitrosoureas, be discovered by
large scale screening, but more often than not they are found by chance, the
first observations sometimes being made in the course of experiments not
related to cancer chemotherapy. Such was the case with the anti-tumour plati-
num compounds whose biological properties were first discovered when plati-
num electrodes were used to apply an alternating electric current across a
chamber in which bacteria were growing®®. The effect of the electric current
was to inhibit cell division in the bacteria but not their growth so that normal
rod-shaped E. Coli formed long filamentous structures. Further research showed
that two platinum complexes, formed by electrolysis, were responsible — cis-
dichlorodiammine platinum(II) and cis-tetrachlorodiammine platinum(IV).
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Subsequently they were found to be powerful inhibitors of the sarcoma 180

in mice®® and these results have since been confirmed and extended by a

large number of workers. Unlike the dimethyltriazenes where the members

of the series are very similar in their anti-tumour action provided a monomethyl
triazeno group is present, small changes in structure of the platinum compounds
can lead to complete loss of anti-tumour properties. It was established early on
(Table 4) that although the cis dichloro compound inhibited the growth of
animal tumours, the trans compound did not. No trans dichloro amine has yet
had any activity, although being sometimes just as toxic as the active cis ana-
logue. Similarly, no other metal can be substituted for platinum, although
certain rthodium analogues, some of which are potent anti-bacterial agents,

do show some slight activity (Table 4). A series of platinum complexes in

which the co-ordination is through atoms other than nitrogen, e.g. oxygen

and sulphur, have also been examined, but with the exception of cis-diammine
malanatoplatinum(II) none had activity in tumour bearing animals 36 87) The
most selective anti-tumour agents based on platinum appear to be cis dichloro
diamines, although the nature of the substituent groups on the nitrogen atoms
can have a profound effect on anti-tumour activity. The good anti-tumour prop-
erties of cis-dichlorodiammine platinum are completely lost for instance when

a methyl group is placed on the nitrogen atoms 40 even though there is little
change in toxicity. Similarly, a 8-chloroethy! substituent on each of the nitro-
gen atoms 44 decreases considerably anti-tumour selectivity. However, a num-

CH, - NH, al Cl - CH,CH,NH, cl
AN
Pt Pt
CH, - NH, \\\c1 Cl-CHZCH2NH2// a
40 41

ber of platinum compounds have now been synthesised which are significantly
better against many animal tumours than the parent compound87). These
chemicals are of two series, one where the ammonia ligands are replaced by
compounds containing cyclic nitrogen atoms, e.g. cis-dichlorobis (ethylene-
imine) platinum(Il) 42 and another comprising cis dichloro derivatives of
platinum co-ordinated with an aromatic or alicyclic diamino group such as
dichloro (o-phenylenediamine)platinum(Il) 43, or two alicyclic amines.

CH
|>12\1H Cl _—
CH, O\ Pt/ @iN\ 2
H, ~ T,
[>nf \c1 NH,
CH. g2 43

b) R, J. P. Williams et 2/, : Structure and bonding /1, 1 (1972).
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The most interesting agents, with a far greater selectivity against a plasma cell
tumour than the parent compound, are the alicyclic diamines listed in Table 5.
As the alicyclic rings increase in size the toxicity decreases with no change in
potency until the dicyclohexylamine derivative, so that the therapeutic index
increases with each member of the series. The highest therapeutic index occurs
with the cyclohexylamine compound but its anti-tumour potency is low com-
pared with the other members of the series. One of the problems with this class
of compound is their poor solubility which makes their formulation for intra-
venous injection difficult. The most likely candidate for clinical trial will there-
fore be the cyclopentylamine, since, although it has a lower therapeutic index
than the dicyclohexylamine, it is more potent and less will need to be adminis-
tered.

Table 5
Compound Activity against the plasma cell tumour
LDsg IDgg I
(mg/kg) (mg/kg)
[>nNH, a
N
Pt 56.6 2.3 24.6
PN
>—H, «
<>—N{2 a
Pt 90.0 2.9 31.0
AN
<>—NH2 Cl
D
480 2.4 200
< —NH, /
Sp >3,200 12.0 >267
/ \
NH, Cl
QN& o
135 59 3
/ \ 2.3
O

165



T. A. Connors
Mechanism of Action of Platinum Compounds

The mechanism of action of the platinum compounds is largely unknown but
in many of their biological properties they show a close resemblance to the
difunctional alkylating agents. Thus at minimum effective dose levels they
cause a selective inhibition of DNA synthesis and also can be shown to cross
link DNA 88 89 It seems likely that the N and 6 NH, positions of adenine
are particularly susceptible to attack by these complexes. In DNA there is
likely to be cross-linking of complementary strands in areas where there is a
sequence of adenine-thymine and thymine-adenine base pairs. In this situation
the adenine moieties lie one above another about 3.0 A apart in an ideal situa-
tion for cis bidentate cross linking®®. Many of the techniques previously used
to show that DNA was a sensitive target site for alkylating agents have now
been applied to the platinum complexes and have confirmed the similarity
between alkylating agents and these compounds. Tumours with acquired re-
sistance to an alkylating agent show cross resistance not only to other alkylat-
ing agents but also to the platinum complexes”). This similarity to alkylating
agents is a little disappointing to the cancer chemotherapist, since it implies
that any compound used clinically may have the same spectrum of action and
similar side effects, and therefore not represent a new class of compound that
might be used in combination with present day agents. However, the early
clinical results of cis-dichlorodiammine platinum(I) do show that it may be
useful in the treatment of ovarian cancer with acquired resistance to nitrogen
mustards®?). The limiting toxicity of the platinum complex in man is kidney
damage but it is hoped that the more recent analogues will be without this
side effect. Of particular interest are the most recently synthesised platinum
derivatives with activity against animal tumours. These are the so-called plati-
num blues which are complexes of various platinum diamine dichlorides with
pyrimidines. In contrast to other platinum compounds with anti-tumour prop-
erties, these are extremely water-soluble and may well have advantages over
the agent at present on clinical trial.

Other Anti-Tumour Agents with Alkylating Properties

Mitomycin C, an antibiotic produced by fermentation of streptomyces, has
been used extensively in Japan for the treatment of stomach cancer which is
prevalent in that country. It probably acts after conversion into an alkylating
agent in vivo, and it also contains quinone and urethane moieties which may
contribute to its anti-tumour effect. A related series of compounds, the pyrol-
lizidine alkaloids, occur in a variety of plants and are known to cause acute
liver cytotoxicity when accidentally ingested®®, Like mitomycin C, these
agents are almost certainly metabolised in vivo by liver microsomes to alkylat-
ing agents which cause the liver toxicity. Some of these alkaloids have anti-
tumour properties, presumably because the active metabolite formed in the
liver is stable enough to reach the tumour.
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+ +
N=N-CH-COO-CH, - CH - COOH N=N-CH-CO-CH, -CH, - CH-COOH
NH, NH,
44 45

A series of anti-metabolites have also been prepared which contain an
alkylating moiety to enable the antagonists to inhibit the appropriate enzyme
irreversibly, by formation of a co-valent bond®®. Two compounds of this type
to have had a clinical trial are the glutamine antagonists azaserine 44 and 6-
diazo-5-oxo-L-norleucine (DON; 45).

Both compounds interfere with purine biosynthesis at one of the three stages
where glutamine i§ required. Addition of either of these two inhibitors to cells
leads to an accumulation of formylglycineamide ribotide. The inhibition of the
enzyme is reversible for a short period but soon becomes irreversible as a result
of the inhibitor alkylating the enzyme, probably through a sulphydryl group of
a cysteine residue.

N-isopropyl-a(2-methylhydrazino)-p-toluamide (Natulan, Procarbazine;
14) was one of a series of agents first tested as potential monoamine oxidase
inhibitors. The presence of the methythydrazine residue is essential for anti-
tumour activity and it is possible that it requires activation by initial demethyla-
tion as has been seen for the dimethyl triazenes. A widely used agent clinically,
where it is particularly effective in combination against Hodgkin’s disease, sur-
prisingly few studies have been carried out on its mechanism of action®>),
Natulan affects the same normal tissues as alkylating agents, particularly bone
marrow. DNA is a possible target site for this compound since it is known to .
break down under certain conditions to form products which degrade DNA.

Alkylating Agents with Carcinogenic Activity

Although there are a number of theories regarding the cause of cancer, two of
the more probable explanations involve a somatic mutation or the activation
of a viral genome. In both these cases an agent that alkylates DNA might be
the initial stimulus for such a carcinogenic event. Thus alkylating agents which
kill cells at high dose levels may be expected to be carcinogenic if administered
chronically at lower dose levels when cells are only sub-lethally damaged. The
majority of bifunctional alkylating agents that have been administered to rats
and mice chronically have, in fact, been shown to be carcinogenic. The mono-
functional agents cause less acute cytotoxicity and therefore are sometimes
more carcinogenic than their monofunctional analogues because many cells
survive alkylation and occasionally transform to a malignant cell. Similarly,
the carcinogenicity of triazenes and nitrosoureas has also been well-documented
and doubtless the platinum compounds will also be shown to have the same
properties when adequately tested.

Alkylation or a related electrophilic reaction, as a prerequisite for carcino-
genicity by organic compounds receives support from studies on the mechanism
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of action of a variety of experimental and environmental carcinogens. 2-Acet-
amidoaminofluorene, for instance 46 is a well known hepatocarcinogen and
detailed studies of its metabolism in vivo have proved that the carcinogenic
metabolite is an electrophilic reactant®®). On injection, it is metabolised by

CO - CH,
e en (40

S st
46 47

liver microsomes to a number of products, the majority of which, such as ring
hydroxylation, represent detoxification reactions. However, a small proportion
is metabolised to N-hydroxy-2-acetamidofluorene 47. This compound is not
the ultimate carcinogen but synthetic esters of it are very powerful electro-
philic reactants at neutral pH and the products they form with proteins and
RNA are identical with the products isolated from the liver of rats injected
with 2-acetamidofluorene. It is likely that once N-hydroxylation has occurred
in the microsomes, the sulphate 48 is formed in the cytosol, and it is of interest
that animals with high levels of the liver sulphotransferase system are more
susceptible to the carcinogenic action of 2-acetamidofluorene than animals
low in the enzyme. Reaction with proteins and nucleic acids involves loss of
sulphate as SOﬁ'_ to generate the electrophilic reactant 49. Experimental
studies on other chemical carcinogens including azo-benzenes, ethionine,

CO - CH, CO - CH;
VeV Uavsi
SEA! oY
0=8=0
48 I 49
e)

pyrollizidine alkaloids, nitroquinoline-N-oxides and polycyclic hydrocarbons
have identified, in each case, some form of electrophilic reactant as the causative
agent. In recent years a number of chemicals have been suspected of causing
cancer in man. These include the aflatoxins which originate from the mould,
Aspergillus flavus, and may contaminate a variety of foodstuffs. It is a likely
cause of the very high incidence of hepatocellular carcinoma that occurs in
certain areas of Africa where groundnuts, which may be contaminated by
aspergillus, are a basic constituent of the diet. Other carcinogens have been
implicated as contaminants of a variety of plants that may be used as a source
of food or which may be accidentally ingested. Amongst these are the glycoside
of methylazoxymethanol, a known toxic element of the cycad plants which

are used in some countries as a source of edible starch, Safrole used in artificial
flavouring and ethionine produced by a variety of enterobacteria. For all these
suspected human carcinogens there is growing evidence that, on ingestion, they
break down or are converted into electrophilic reactants, similar to the alkylat-
ing agents, which react co-valently with cell macromolecules and initiates the
carcinogenic transformation.
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1. Introduction

Since the original discovery of Isaacs and Lindenmann®) on interferon induc-

tion by heat-inactivated influenza virus in 1957, ample evidence has been pro-
vided that not only viruses but many other microorganisms and even microbial
extracts, synthetic compounds and immune recognition mechanisms are able

of eliciting an interferon response in the appropriate host or cell culture system.
During the past years the number of interferon inducers has been growing so
rapidly that a review on interferon inducers is nearly outdated at the time it is
in printz). Interferon and its inducers have been covered in several recent review
articles?™ %), The inducers can be classified schematically in four major groups,
as shown in Table 1. Only the third group (synthetic interferon inducers) will
be discussed in the present review.

Table 1. General review of interferon inducersl)

L Microorganisms Viruses, chlamydiae, rickettsiae, bacteria, protozoa

II. Microbial and Double-stranded RNAs, endotoxins, cycloheximide,
Cellular extracts phytohemagglutinin, concanavalin A

1.  Synthetic compounds Polycarboxylates, polynucleotides, fluorene derivatives

IV.  Immune recognition Renewed exposure of sensitized lymphocytes to specific

antigen, antilymphocytic serum, mixture of genetically
dissimilar lymphocytes

1) For details and references on classes I, II and IV, see Refs.5: 13),

Interferon has originally been defined as a cellular protein, produced in
response to, and acting by preventing the replication of a virus invading the
cell. This definition should be revised in the sense that interferon can also be
induced by non-viral agents and is equipped with a wide spectrum of activities,
including non-antiviral activities. Interferon not only interferes with virus re-
plication, but has also been shown to inhibit the replication of microorganisms,
phylogenetically higher than viruses (Chlamydiae, Rickettsiae, bacteria, protozoa),
as well as the multiplication of normal and transformed cells. Interferon may
either enhance (‘priming’) or suppress (‘blocking’) the ability of the cells to
produce interferon. Interferon has also been shown to stimulate the phagocytic
activity of macrophages and the specific cytotoxicity of lymphocytes for tar-
get (tumor) cells. Finally, interferon renders the cells more susceptible to the
cytotoxicity of double-stranded RNAs. The different aspects of interferon
action have been dealt with in a recent review article by De Clercq and Stewart'*)
All activities appear to reside in the same molecule, or, at least in a class of
physicochemically very similar molecules.
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Interferon itself has never been obtained in pure form. With the most
highly purified interferon preparations specific activities of more than one mil-
lion units per mg protein have been obtained, yet a very high proportion of
the protein in these preparations is inert material (one unit of interferon is de-
fined as the reciprocal of the highest dilution of a sample that reduces viral
plaque formation in cell cultures by 50%). Although the chemical structure
of the interferon molecule has not been determined, it is generally believed
to be a protein or glycoprotein. It is species specific, that is active only in the
cells of the animal species in which it has been induced. It is nondialyzable,
nonsedimentable at 105,000 g for 2 h, stable to acid at pH 2.0 and has electric
points close to pH 7.0. Its activity is destroyed by proteolytic enzymes. As
elaborated by Carter'®, interferon may be dissociated in subunits. Viral-induced
interferon would be a dimer and poly(I) - poly(C)-induced interferon would
be an octamer. The oligomers are apparently formed by doubling of the previ-
ous unit of aggregation, i.e. monomers - dimers ~ tetramers — octamers. The
monomer itself would have a molecular weight of 12,000 (human interferon)
or 19,000 (mouse interferon).

2. General Review of All Interferon Inducers and Their Interferon-
inducing Characteristics

The diversity of interferon inducers (Table 1) and their interferon-inducing
characteristics is so impressive that it is hard to believe that they all operate
through the same mechanism. Some inducers, such as viruses and double-
stranded RNAs are active in vivo (intact animals) and in vitro (cell cultures),
other inducers (e.g. bacteria, endotoxins, polycarboxylates, fluorene deriva-
tives) are active only in vivo or in leukocyte cultures (lymphocytes or macro-
phages). Microorganisms (viruses, Chlamydiae, Rickettsiae, bacteria, protozoa)
generally stimulate a late interferon response (peak titer at 8 h or later); extracts
thereof (double-stranded RNAs, endotoxins) stimulate an early interferon
response (peak titer at 2 h). Polycarboxylates and fluorene derivatives also
elicit a late interferon response (peak at 16—24 h). Some agents do not induce
interferon, unless the cells (lymphocytes) have been previously sensitized to
the agent (e.g. diphtheria toxoid, tetanus toxoid, tuberculoprotein'®). Inter-
feron production by sensitized lymphocytes upon renewed contact with the
specific antigen has been alluded to as ‘immune recognition’. This specific
immunologic reactivity is also operative in vivo: Stinebring and Absher!”) and
Salvin er al. '® found large amounts of interferon produced upon injection of
tuberculoprotein in mice infected with Mycobacterium tuberculosis, whereas
uninfected mice did not respond to the injection of tuberculoprotein. Most
interferon stimuli are only active upon parenteral (intravenous, intraperitoneal,
. . .) administration; however, tilorone dihydrochloride (see below) and endo-
toxin'? are also effective when given orally.
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The consensus that there are two distinct patterns of interferon production
in vivo?9, the ‘endotoxin type’ or release of preformed interferon, and the
virus type’ or induction of de novo synthesis of interferon cannot be longer
sustained. This distinction was essentially based on the differential effects of
cycloheximide on endotoxin- and virus-induced interferon®!), When injected
simultaneously with or shortly before the inducer, at doses which effectively
blocked protein synthesis, cycloheximide enhanced the interferon response to
endotoxin, yet reduced the interferon response to virus. In both cases, inter-
feron production was measured 6—10 h after injection of the inducer. It was
established later®?), however, that the differential effects observed with cyclo-
heximide did not depend on the type of interferon inducer employed but on
the time that cycloheximide was administered during the process of interferon
production. For a variety of interferon inducers belonging to either the ‘endo-
toxin’ or ‘virus type’, cycloheximide reduced the interferon response during
the initial phase of interferon production but increased interferon production
during its declining phase, regardless of the inducer tested®2). In as far as the
action of cycloheximide may be interpreted to block protein synthesis, these
results suggest that all interferon inducers require new protein synthesis for
both the initiation and the termination of interferon production.

Could there be a common principle explaining the interferon-inducing
capacity of all major classes of interferon inducers (microorganisms, microbial
and cellular extracts, synthetic compounds, immune recognition)? An interest-
ing, yet highly speculative hypothesis is that all interferon-inducing systems
operate through the formation and/or release of double-stranded RNA (ds-
RNA). Ds-RNAs have been isolated from mycophages of Penicillia, and from
other viral sources including reovirus, rice dwarf virus, cytoplasmic polyhedrosis
virus and the replicative forms of MS2 and MU9 mutant coliphages. These
natural ds-RNAs as well as the synthetic poly(I) - poly(C) are the most potent
interferon inducers on a weight basis. There is suggestive evidence to believe
that interferon induction by RNA and DNA viruses is mediated by ds-RNA
formed during the replicative cycle of the virus, since viral-specific ds-RNAs
with interference or interferon-inducing properties have been isolated from
cells infected with both RNA (Mengo, influenza) and DNA (vaccinia) vi-
ruses?¥ 2% 25) However, the view that virus-induced interferon is invariably
based on the formation of an intermediary ds-RNA has not met general accep-
tance?®32): e.g experiments conducted by Gandhi and Burke39), Gandhi
et al.®, and Bakay and Burke®?) failed to demonstrate a correlation between
interferon production and ds-RNA synthesis in chick cells infected with either
vaccinia virus, adenovirus or UV-irradiated Newcastle disease virus (NDV):
in vaccinia virus-infected cells ds-RNA but not interferon was formed, while
in adenovirus- or NDV-infected cells, interferon but not ds-RNA was formed.
The latter results led Gandhi et al. 31 to conclude that the single-stranded RNA
of the input virions was responsible for the interferon-inducing capacity of UV-
irradiated NDV. Doubts have been raised about this conclusion, since recent
experiments of Clavell and Bratt3®) and Meager and Burke3# indicated that,
upon UV-irradiation, NDV loses its infectivity much more rapidly than its RNA
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synthesizing capacity and interferon-inducing capacity, and that, with large
doses of UV-irradiation, the RNA synthesizing capacity and interferon-inducing
capacity are lost in parallel. These findings suggest the possibility that the single-
stranded RNA of the UV-irradiated virus does not itself induce interferon but
does so by serving as a template for the synthesis of, albeit limited amounts of,
base-paired RNA.

Double-stranded RNAs have also been isolated from normal, ostensibly
uninfected mammalian cells: e.g. chick embryo, rat liver, rabbit kidney and
HeLa cells®* 35738), The general occurrence of ds-RNA in cells of different
animal species and the findings that it can be hybridized to host cell DNA3®)
and that its biosynthesis is inhibited by actinomycin D3%) argue against a viral
origin of this RNA. These cellular ds-RNAs are capable of inducing interferon
in homologous as well as heterologous cells 37 38). Although they represent
only 0.01% of the total RNA of the cells®), it is tempting to speculate that
they play some role in the interferon induction process. The role of replicative
ds-RNA in the interferon induction process of viruses has already been discussed.
Whether other major interferon-inducing systems such as endotoxins, phyto-
hemagglutinin, concanavalin A and immune recognition (cf. Table 1) require
the formation and/or release of ds-RNA is an entirely open question.

Phytohemagglutinin, concanavalin A and the immune recognition mecha-
nisms summarized in Table 1 not only stimulate interferon production in
leukocyte cultures but also induce transformation of small lymphocytes to
large blast-like cells (blastogenesis). Although the extent of lymphocyte trans-
formation is not quantitatively related to the amounts of interferon pro-
duced ¢ 3% 49) and although a partial separation of the interferon-inducing
and blastogenic factors has been achieved in phytohemagglutinin“), it is not
far-fetched to assume that lymphocyte to lymphoblast transformation is a
necessary event for interferon production by leukocytes in response to specific
or nonspecific mitogens. The blast transformation of lymphocytes is accom-
panied by a significant increase in DNA, RNA, protein and phospholipid syn-
thesis. The increase in RNA synthesis is one of the earliest and most relevant
changes observed in phytohemagglutinin-stimulated lymphocytes*?~4%), and
whether part of this newly synthesized RNA is base-paired and might serve as
the intermediary interferon-inducing principle in the activated lymphocytes
is obviously an attractive working hypothesis.

3. Review of the Synthetic Interferon Inducers and Their Interferon-
inducing Characteristics

The array of synthetic compounds that are able to induce interferon is as
diverse as the general interferon-inducing systems reviewed in Table 1. Included
in the class of the synthetic interferon inducers are both high molecular weight
(polycarboxylates, polynucleotides, . . .) and low molecular weight (tilorone,

.. .) compounds (Table 2). The formula of some of the most representative
synthetic interferon inducers are depicted in Figs. 1, 2 and 3.
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Table 2. Review of the synthetic interferon inducers and their interferon-inducing characteristics

In homopolymer duplexes:
poly(@) - poly(vC)

— Fluoro, chloro, azido, methoxy, acetoxy
substituted for hydroxy in the 2’-position:

178

Interferon inducers Activity of the inter- Time of References
feron inducer (in appearance
vitro: cell cultures; (early: peak
in vivo: animals) at 2—4 h;
late: peak
at 16—24 h)
. High molecular weight compounds
. Polycarboxylates
— Pyran (maleic anhydride divinylether) copoly-  in vivo (mice, man) Late 45—-48)
mer and other maleic anydride copolymers
— Polyacrylic acid (PAA) and polymethacrylic in vivo (mice) Late 48-50)
acid (PMAA)
— Polyacetal carboxylic acids: in vivo (mice) Late 51)
Chlorite-oxidized oxyamylose (COAM)
Chlorite-oxidized oxyamylopectin (COAP)
Chlorite-oxidized oxycellulose (COCEL)
. Polysulfates
Polyvinylsulfate in vivo (mice) Late 52)
. Polyphosphates
a. Phosphorylated polysaccharides:
Phosphomannans, phosphodextrans in vivo (mice, rabbits) Latefearly  53: 54)
b. Polyribonucleotides: Early
~ Homopolymer duplexes: e.g.
poly(I) - poly(C); in vitro /in vivo (mice, 55-68)
poly(A) - poly(U) rabbits, man, etc.) and others
— Alternating copolymers: e.g. in vitro[in vivo 62, 69-75)
poly(I-C); poly(A—U) (mice, rabbits)
— Homopolymers: e.g. in vitro /in vivo 58, 61,
poly (1) (rabbits) 76, 77)
— Complexes of homopolymers with copoly-
mers: e.g poly(l, G) - poly(C); (in vitro)/in vivo 78)
poly () - poly(C, G) (mice, rabbits)
¢. Polydeoxyribonucleotides: Early
— Homopolymer duplexes: e.g. in vitro/(in vivo?) 53,57, 62,
poly(dA) - poly(dT) 70, 74)
— Alternating copolymers: e.g. in vitro[(in vivo?) 53,70, 74)
poly d(A-T)
d. Polyribonucleotide analogues: Early
— Thiophosphate substituted for phosphate:
In alternating copolymers: e.g. in vitro fin vivo 69,71, 75)
poly (SI-35C); poly (sA—sU) (mice, rabbits)
In homopolymer duplexes; e.g. n vitro fin vivo 75,79)
poly(8I) - poly(3C) (mice, rabbits)
— Vinyl substituted for ribophosphate:
in vitro[(in vivo?) 80)
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Table 2 (continued)

Interferon inducer Activity of the inter- Time of References
feron inducer (in appearance
vitro: cell cultures; (early: peak
in vivo: animals) at 2—4 h;
late: peak
at 16—24 h)

In homopolymer duplexes: e.g.

poly(A) - poly(2*-FU) in vitro [(in vivo?) 81)
poly(A) - poly(2>-N3U) in vitro(in vivo?) 82)
poly(2-0OAcA) - poly(U) in vitro[(in vivo?) 83)
poly(I) - poly(2-CIC) in vitro/(in vivo?) 79)
poly(I} - poly(2-0OMeC) in vitro[(in vivo?) 84)

1. Low molecular weight compounds

1. Tricyclic dialkylaminoalkyl ethers, ketones,
sulfonamides, esters
2,7-Bis(2-diethylaminoethoxy) in vivo (mice, rats) Late 85-91)
fluoren-9-one or tilorone dihydrochloride
and related compounds: e.g.

— fluorenone ethers

— fluorenone esters

— fiuorene ketones

—~ fluorenone ketones

— dibenzofuran ketones

— xanthone ethers

— anthraquinone ethers

— anthraquinone sulfonamides
— fluoranthene esters

2. Thiazine and acridine derivatives
— Thiazine derivatives:

Toluidine blue, methylene blue in vivo (mice) Early-late 92, 93)
— Acridine derivatives:
Acridine orange, trypaflavine in vivo (mice) Early-late 93)
Acranil, mepacrine in vivo (mice) Late 94)
3. N,N-dioctadecyl-N',N-bis-(2-hydroxyethyl) in vivo (mice) Late 95)
propanediamine

Some structural features have been recognized in the high molecular weight
compounds (molecular weight exceeding 10,000, regular and dense sequence
of negative charges, a stable primary or secondary structure, . . .), to which the
compound should adhere in order to be active as an interferon inducer. It has,
so far, been impossible to trace such features in the structure of the low molec-
ular weight compounds. The sole characteristic that appears to be common for
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Fig. 2. Polynucleotides [e.g. poly (I} - poly(C)]
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CH3- CHz\ ,CH2 - CH3
HCL. JN- CHa= CH2-0 ‘ 0- CHa- CHz - N{_ _HCt
CH3- CHy ’ CHy - CHj

Tricyclic dialkylaminoalkyl ethers [e.g. 2,7-bis(2-diethylaminoethoxy)
fluoren-9-one dihydrochloride or tilorone dihydrochloride]

?H ,CH2- CH3
NH-CH2-CH-CH2-N

00

Acridine derivatives (e.g. acranil)

NCHg - CH3

HO-CHp- CHa ,(CH2) 17~ CH3
oN-CH2"CH2- CHz- N
HO-CH2-CH2 \(CH2) 17 - CH3

N,N-dioctadecy}-N’,N’-bis(2’-hydroxyethyl)propanediamine

Fig. 3. Low molecular weight interferon inducers

all low molecular weight interferon inducers listed in Table 2, is that they are
all diamines. Whatever the molecular organization and atomic distances between
the two amine groups may be, they do not seem very important.

Tilorone was the first synthetic small molecular weight substance to be
descrlbed as an orally active interferon inducer8%’ 86) Glutarimide antibj-
otics?% 29, such as cycloheximide, acetoxycycloheximide, streptlmldone
streptov1tacm A, and aminoglycoside antibiotics, such as kanamycin®® and
tenuazonic acid29 have also been reported to stimulate interferon production,
but these effects were obtained with rather high doses of the antibiotics: e.g.
the amounts of cycloheximide required for circulating interferon production
in the mouse caused an irreversible inhibition of protein synthesis leading to
the death of the animal. More recently, basic dyes such as toluidine blue and
methylene blue®?> °3 have been reported to induce interferon in mice. How-
ever, the latter findings have not been confirmed yet. Some attempts (De
Clercq, unpublished data, 1973) to do so, have failed thus far.

It should be pointed out that the interferon inducers presented in Table 2
are widely different in activity, polyribonucleotide duplexes [such as poly(I) -
poly(C)] being superior to most other polynucleotides, especially those in
which the 2'—OH group has been replaced by a 2'—H, 2'—F, 2'—Cl, 2'—Nj3,
2'—0-CH; or 2'~0—CO—CHj group (see Table 7). The interferon inducers
listed in Table 2 also differ in the kinetics of interferon production: poly-
carboxylates (e.g. pyran copolymer, PAA, PMAA, COAM) and fluorenone
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derivatives (e.g. tilorone) cause a late interferon response (peak titer at 16 to
24 h), whereas polynucleotides [e.g. poly(I) - poly(C)] initiate an early inter-
feron response (peak titer at 2 to 4 h). Characteristically, the former are only
effective in vivo (animals), whereas the latter are able to induce interferon in
vitro and in vivo. All attempts to induce interferon with pyran copolymer,
PAA, PMAA, COAM and tilorone in cell cultures have failed 51> 87, 27), Leuko-
cyte cultures (mouse peritoneal cells) have been reported to produce some
interferon in response to pyran copolymerss), but this finding has not been
widely confirmed. Similarly, tilorone has been found to induce interferon in
some leukocyte cultures (human peripheral leukocytes®®), put failed to do so
in other leukocyte cultures (human peripheral leukocytes®®, mouse peritoneal
lymphocyte and macrophage cell cultures37 89),

A third characteristic difference in the interferon-inducing capacity of
polynucleotides [poly(I) - poly(C)] and the other interferon inducers (poly-
carboxylates, tilorone) is the species dependent responsiveness (Table 3).
Polycarboxylates and tilorone are quite effective in mice, yet failed to induce
circulating interferon in rabbits 101> 102)_Similarly, polycarboxylates failed
to induce interferon in ratsloo), and tilorone failed to induce interferon in
chicken and man©3: 104), Polycarboxylates (pyran copolymer) have been
shown to stimulate the production of low levels of circulating interferon in
man*?), Most animal species have been found to respond to the interferon-
inducing capacity of polynucleotides, although rabbits appeared to be con-
siderably more sensitive than men. The interferon titers obtained in man were
been generally lower than those observed in animals.

Table 3. Interferon-inducing capacity (expressed semi-quantitatively) of synthetic inter-
feron inducers in different animal species

Animal species Polycarboxylates Polynucieotides Tilorone
References References References
Mouse 4 45, 46,48-51) ++4 59, 64—66, 4y 85-87,89-91)
68, 78)
Rat _ 100) 7 ++ 88)
Rabbit _1on) At 55,69, 71, _102)
76, 78, 79)
Chicken ? ++103) - 103)
Man +47) +67) _ 104)

Our further discussion will be limited to an analysis of the mechanism of
interferon induction by
polycarboxylates (such as PAA, pyran copolymer and COAM) (Fig. 1),
polynucleotides [such as poly(I) - poly(C)] (Fig. 2) and
low molecular weight compounds (such as tilorone) (Fig. 3).
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Other synthetic compounds, such as polysulfates, phosphomannans, phospho-
dextrans, thiazine derivatives, acridine derivatives, and the N N-dioctadecyl-
N’,N'-bis(2"-hydroxyethyl) propanediamine will not be further discussed be-
cause their interferon-inducing activities have only been reported occasionally
and have not been explored in sufficient detail.

4. Structural Requirements for Interferon Induction by Synthetic
Interferon Inducers

4.1. Polycarboxylates

The interferon-inducing capacity of polycarboxylates depends on a series of
structural characteristics, summarized in Table 4. The first requirement is a
sufficiently high molecular weight. The dependence of interferon production
and antiviral activity on molecular weight was most thoroughly studied with
PAA. De Clercq and De Somer found that both induction of cellular resistance
to virus infection in vitro, interferon production i vivo (mice) and inhibition
of vaccinia virus-induced tail lesions in vivo (mice) increased with increasing
the molecular weight of the polymer from 25,000 to 1.000,000% 1%,
Niblack’® demonstrated that PAA had to exceed a critical molecular weight
of 1,000 to induce circulating interferon in the mouse, and Mohr ez 2l 10€)
found similar molecular size requirements for the effects of PAA on both the
release of restrictions on nuclear DNA template activity and the prolongation
of the life-span of mice inoculated with 1.1210 leukemia cells.

Table 4. Interferon induction by polycarboxylates:
structural requirements

1. High molecular weight (for PAA: exceeding 1,000)
2. Regular and dense sequence of negative charges (carboxyl groups)

3. Primary stability
(—C—C—-C—C—C-backbone: PAA, PMAA, pyran copolymer)
(—C—C—0~-C—-0-backbone: COAM, COAP, COCEL)

4. Spatial configuration (steric orientation of negative charges)

A second structural feature for interferon induction by polycarboxylates
is the presence of negative charges. They may be placed in either alternate (PAA)
or adjacent (pyran copolymer) position but should occur in a regular and dense
sequence. The polyanionic character of the polymer appears to be a prerequisite for
interferon induction, antiviral activity and antibacterial activity, since uncharged
polymers such as dextran, polyacrylamide, non-carboxylated polyethylene analo-
gues of pyran copolymers and incompletely oxidized amylose were devoid of any
of these activities*8-49:51:107),

183



E. De Clercq

A third requirement for interferon induction by polycarboxylates is struc-
tural stability. The stability of PAA, PMAA and pyran copolymer resides in
their —~C—C-—-C—C—C-backbone. This makes them poorly metabolized within
the organism and may account for their deposition in the reticulo-endothelial
cells #”, their toxicity and their prolonged prophylactic activity against some
virus infections. Such prolonged prophylactic activity lasting for at least 2 months
has been noted with PAA in mice infected intravenously with vaccinia virus 105)
as well as with pyran copolymer in mice infected intraperitoneally with Mengo
virus*®). COAM and related oxypolysaccharides (COAP, COCEL) have a
~C—C—0—C—0-backbone. This sequence is more readily biodegradable than
the —C-—-C—C—C~—C-sequence of the backbone of PAA and pyran copolymer.
Accordingly, COAM is less toxic and its prophylactic antiviral activity wears off
faster than that of PAA and pyran copolymer'®®.

Molecular weight, negative charges and structural stability are not the sole
requirements for interferon induction by polycarboxylates, since marked diffe-
rences have been found in antiviral activity among polycarboxylates with simi-
lar molecular weight, anionic character and structural stability. These differences
in activity may be attributed to differences in spatial configuration or steric orien-
tation of the negative charges. Such a change in charge distribution may explain
the markedly reduced interferon production and antiviral activity of PAA upon
implantation of methyl groups#?> 105) (hereby converting PAA into PMAA) and
of pyran copolymer upon implantation of benzene rings#®).

4.2, Polynucleotides

The structural requirements for interferon induction by synthetic polynucleo-
tides are summarized in Table 5.

Table 5. Interferon induction by synthetic polynucleotides: structural requirements

Strand continuity: High molecular weight

Base pairing: Highly ordered secondary structure

For poly(I) - poly(C): Requirements of strand continuity and base pairing more stringent
in the poly(I) strand than in the poly(C) strand

Adequate resistance to nucleolytic degradation

Presence of 2-hydroxyl groups

hadiadiag

©

4.2.1. Sufficiently High Molecular Weight

Conflicting data have appeared on the influence of molecular size on the inter-
feron-inducing capacity of poly(I) - poly(C). Thus, Lampson et al. %% found
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that reduction of the molecular size of poly(I) - poly(C) by sonic radiation led
to a gradual decrease in antiviral activity. Shiokawa and Yaoi'!?), however,
reported enhancement of the interferon-inducing activity upon sonication of
poly(I) - poly(C) g)re?arations with sedimentation values larger than 10S. Simi-
larly, Tytell ez al 'V, Mohr et al. 1°®, and Carter e al.*'? found that the anti-
viral activity of poly(I) - poly(C) depended more upon maintaining a high mo-
lecular weight of poly(I) than of poly(C), whereas Wacker et al. 113), Niblack
and McCreary!1% and Morahan e al. 115) concluded that poly(I) and poly(C)
behaved similarly no matter which was the high or low molecular weight com-
ponent in the complex. A close analysis of the data reported reveals that they
are less conflicting than appears at a first glance. It all depends on the range of
molecular sizes studied (Fig. 4). There is a critical range of molecular sizes
[spread from approximately 2S (molecular weight 10,000 daltons) to 5S (mo-
lecular weight 120,000 daltons)] in which a reduction of the molecular size is
accompanied by a nearly linear loss of antiviral activity, and in which maintain-
ing a high molecular size of poly(I) is more important for activity than main-
taining a high molecular size of poly(C). The molecular sizes of the poly(I)
and poly(C) preparations studied by Tytell ez al '), Mohr et al. 106) and
Carter et al. 112) fell in this range, whereas those studied by Wacker et al. 1'%
and Morahan ez al. 1'5) fell respectively below the 2S and above the 58 limits.
Accordingly, Wacker ef al 113) and Morahan ez al. !*%) found that the chemical
identity of the higher or lower molecular components of the poly(I) - poly(C)
duplex did not influence the antiviral activity. The different poly(I) and
poly(C) preparations used by Niblack and McCreary*!® fell into the critical
range, yet the authors pretended that the chemical identity of the higher or
lower molecular weight moieties of the poly(I) - poly(C) complex seemed
insignificant. It should be pointed out, however, that the poly(I) and poly(C)
fractions used in these experiments were obtained by thermal degradation
(125 °C) for various times (5 to 180 min); as acknowledged by the authors,
their preparations were highly polydisperse. No estimation of size distribution
within samples were made, but, according to the Tm versus molecular weight
data, these samples must have contained a large amount of rather small mo-
lecules. Thus, the data reported by Niblack and McCreary’ 14) should be inter-
preted with caution.

The model of the molecular size — interferon-inducing activity relationship
proposed in Fig. 4 can also be applied to poly(I) - poly(C) preparations in which
the molecular sizes of both strands have been reduced simultaneously. Both
Lampson et al 109) and Black et al. 7 have shown that interferon production
in vivo (rabbits) and in vifro (rabbit kidney or human skin fibroblast cell cul-
tures) was rather resistant to molecular weight reduction unless the molecular
size fell beneath the 58 limit. It has been established by Shiokawa and Yaoi' 10)
that the interferon-inducing capacity of poly(I) - poly(C) may decrease, if its
molecular size becomes too large (> 108). It can be concluded, therefore,
that the optimal size of poly(I) - poly(C) for interferon production is situated
in the 55—10S range.
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Fig. 4. Influence of molecular size on interferon-inducing activity of poly(I) - poly(C)

4.2.2. Stable, Highly Ordered Secondary Structure

A second structural requirement for the interferon-inducing capacity (antiviral
activity) of synthetic polynucleotides is a stable, highly ordered secondary,
hence double-stranded structure based on complementary base-pairing. The
stability of the complex is reflected in its Tm (thermal stability) value. From
a comparatwe study of different double-stranded RNA duplexes, De Clercq
and Merigan®" and De Clercq et al.® 3 concluded that a Tm value higher than
60 °C (calculated for 0.15M Na*) was needed for full expression of antiviral
activity. Since thermal stability represents a valuable measure of the overall
stability of double-stranded RNAs'!®), double-stranded RNAs with Tm values
higher than 60 °C may also be cons1dered to be the most stable ones at 37 °C.
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It seems as though both strands of the duplex must stay together in a stable
highly ordered form in order to be effective in inducing interferon. The influ-
ence of thermal stability on interferon induction is depicted in Fig. 5. This
figure may be interpreted as follows: (1) RNA complexes melting out at

Tm < 40 °C do not show any activity beyond the activity due to the individual
homopolymer components; (2) within the range of 40° to 60 °C, antiviral
activity gradually increases with thermal stability; and (3) above 60 °C, no
further increase of activity occurs, the antiviral activity having reached its
maximal expression. The interferon-inducing activities of the RNA duplexes
with Tm values above 60 °C may fluctuate around the plateau line: e.g.
poly(A—U) with a Tim: 69 °C is less effective than poly(I) - poly(C) with a
Tm: 62 °C.

Critical range
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Fig. 5. Influence of thermal stability on interferon-inducing activity of synthetic poly-
ribonucleotides

The Tm-activity correlation plotted in Fig. 5 does not only accomodate
our own data on thermal stability and antiviral activity 53 61,69 71) put also
those of others62, 83 112, 114, 117, 118): ¢ ¢ Niblack and McCreary!!4), study-
ing different poly(I) - poly(C) preparations with variations in the molecular
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size of either component found a nearly linear relationship between antiviral
activity, thermal stability (range 46°—60 °C) and molecular size. A similar
dependence of antiviral activity on thermal stability was established in a series
of oligo(I) - poly(C) complexes by Carter et al. 112):
oligo(I),, < 10 - poly(C) (Tm: <40 °C) was inactive
oligo(I)7 - poly(C)(Tm: 47 °C) was marginal,
oligo(I);o - poly(C) (Tm: 50 °C) was definitely active, though 100-fold less
than poly(I) - poly(C).

Reduction of the molecular size of poly(C) in poly(I) - poly(C) led also to a
decrease in thermal stability and to a concomitant decrease in antiviral activi-
ty!12), However, poly(I) - oligo(C) proved biologically more active than
oligo(I) - poly(C), even when they were similar in thermal stability and not
greatly different in oligomer chain length. This observation has already been
alluded to in the preceding section (influence of molecular size on interferon-
inducing activity) and will be further discussed in the following section [dif-
ferential importance of poly(I) and poly(C) in the antiviral activity of
poly(I) - poly(C)].

Additional evidence for the importance of structural stability in the anti-
viral activity of synthetic polynucleotides was provided by Harnden ez al. 11®)
and Steward et al 8%). These authors found a decrease in thermal stability and
concomitant decrease in antiviral activity of poly(A) - poly(U) and poly(I) -
poly(CB) upon N-oxidation of poly(A) and poly(C) with m-chloroperbenzoic
acid''® or 2'—0-acetylation of poly(A) with acetic anhydride®3).

119)
b

4.2.3. Differential Importance of Constituent Homopolymers in
Poly{(l) - Poly(C)

For interferon induction by poly(I) - poly(C), the structural requirements of
strand continuity (high molecular weight) and base-pairing (highly ordered
double-stranded structure) are more stringent in the poly(I) strand than in the
poly(C) strand (Table 6). In studies reported by Carter et al ' two types of
structural modifications were imposed to poly(I) - poly(C): strand interruption
and mismatching of bases. Both modifications lowered the interferon-inducing
activity of the complex. Yet, the decrease was much more significant when the
perturbation was imposed upon the poly(I) strand than upon the poly(C) strand:
e.g. poly(I39,U) - poly(C) and poly(I,,U) - poly(C) showed little interferon-
inducing activity, while poly(I) - poly(C,,,U) and poly(I) - poly(C,3,U) were

as active as poly(I) - poly(C) itself. In similar studies, Matsuda et al.7® found
higher interferon production with poly(I) - poly(Cs,A) and poly(I) - poly(Cs,U)
than with poly(l5,A) - poly(C) and poly(I5,U) - poly(C). The unpaired U and A
residues in these complexes are expected to be excluded from the helix and to loop
out into the solvent, although Wang and Kallenbach'2® purported that the U
residues may remain in the helical complex of poly(I) - poly(Cx ,U) when X is
larger than 5.
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Table 6. Differential importance of poly(I) and poly(C) in the antiviral activity of

poly(D) - poly(C)

Modification

Antiviral activity References

of poly(l) - poly(C)

Reduction in molecular size
(e.g. 10S—>28)

of poly(I) strand

of poly(C) strand

Interruption by unpaired bases
(either A, Uor G)

in poly(I) strand

in poly(C) strand
Sequential administration

poly(C) followed by poly(I)
poly() followed by poly(C)

106,111, 112)

Markedly decreased

Slightly decreased

78, 112)
Markedly decreased
Slightly decreased

122—124)
Decreased
Enhanced

That the size of the poly(I) moiety is far more critical than the size of
poly(C) in determining the antiviral activity of the poly(I) - poly(C) complex
has been emphasized in several reports106, 111, 112, 121); ¢ o Tytelf et ol 111
found no significant decrease in antiviral activity unless the average molecular
weight of poly(I) was reduced to 190,000 (550 residues) and of poly(C) to
23,000 (70,000 residues). Subsequently, Lampson et al, 121) showed that the
molecular size of poly(C) could be reduced to 2.5S (molecular weight 16,000

daltons) without reduction of in vitro or in vivo protection against virus infec-
tions. The differential importance of poly(I) as compared to poly(C) has even
been established in the cure of mice inoculated with L1210 leukemia cells:
poly(I) - poly(C) complexes were effective in increasing the life-span of these
mice whenever the poly(I) was larger than 4.4S and did not depend on the size
of poly(C); if the poly(I) was smaller than 4.4S, poly(I) - poly(C) was ineffective
regardless of the size of poly(C) with which it was combined106),

Similarly, thermal stability which may be considered as an important para-
meter for the antiviral activity of synthetic polyribonucleotides (Fig. 5), was
significantly reduced (64.0 > 52.8 °C) if the size of poly(I) was decreased from
13 to 38, whereas a similar decrease in the size of poly(C) did not markedly
affect the Tm of poly(I) - poly(C) (I. Mecs, as referred to by De Clercq and
De Somer)!??). Mohr er al. 196) have confirmed these results.

The relatively greater importance of poly(I) than of poly(C) in the anti-
viral activity of poly(I) - poly(C) has further been demonstrated in experiments
in which the two components were added sequentially to cell cultures'22—124),
Sequential administration of the homopolymers in the order poly(I) followed
by poly(C) led to an equal or greater interferon response than obtained after
addition of poly(I) - poly(C) itself. However, when the homopolymers were
added in the order poly(C) - poly(I) the antiviral activity of the complex was
only partially restored. The mechanism by which the order of addition of
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poly(I) and poly(C) controls interferon induction and antiviral activity has
not been completely settled, but, as discussed below, might be explained by
a more efficient binding of poly(I) - poly(C) to the cellular receptor sites by
its poly(I) strand than by its poly(C) strand 29,

4.2.4. Adequate Resistance to Nucleolytic Degradation

Several methods have been developed to increase the interferon-inducing capac-
ity of polynucleotides.

(1) Addition of polybasic substances such as DEAE-dextran or polylysine
has been shown to increase the interferon response to poly(I) - poly(C), or to
one of its homopolymer constituents, in vitro57 60, 62, 63,73, 77, 112, 125-133)
and in vivo 134=137) In neither study conclusive evidence was provided for the
mechanism of the stimulatory effect of polycations on interferon induction by
poly(I) - poly(C): some authors favored the hypothesis that the stimulatory
effect of DEAE-dextran was primarily due to an effect on the cells!28: 129, 131)_
Pitha and Carter'3®, however, found that the stimulation of interferon produc-
tion by DEAE-dextran was maximal when a poly(I) - poly(C)/DEAE-dextran
complex was formed with a 1:1 P/N ratio, suggesting that the stimulatory ef-
fect of DEAE-dextran was primarily due to complex formation with the poly-
nucleotide. Such complex formation may also offer a reasonable explanation
for the potentiation of interferon production observed in vivo134-137), The
increased interferon-inducing capacity of the poly(T) - poly(C)/DEAE-dextran
was accompanied by an increased resistance to degradation by endonucleases
(pancreatic ribonuclease)!2”> 139, '

(2) Substitution of thiophosphate for phosphate, and

(3) preincubation of the polymer at 37 °C in cell culture medium brought
about a parallel increase in the interferon-inducing capacity of the alternating
copolymers poly(A—U) and poly(I-C) and their resistance to degradation by
endonucleases69-72), Potentiation of the interferon response was demonstrated
in vitro and in vivo with the thiophosphate-substituted polynucleotides, but
only in vitro with the preheated polymers.

Two other systems have been described to enhance interferon production
by cells exposed to poly(I) - poly(C):

(4) addition of metabolic inhibitors (cycloheximide, actinomycin D
and

(5) pretreatment of the cells with interferon 43153 or small doses of
poly(I) - poly(C)'3¥. The former has been referred to as ‘superinduction’, the
latter as ‘priming’.

Systems (4) and (5) have been applied successfully to potentiate human
interferon production in diploid cell cultures in vitro 143—146)_ Superinduction
may also be operative in vivo 22 59 Whether priming is operative in vivo, has
not been assessed yet. The superinduction phenomenon will be discussed below.
Neither superinduction nor priming153) appear to act through increasing the
resistance of poly(I) - poly(C) to nucleolytic degradation.

)138—146)
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That resistance to nucleolytic degradation may play an important part in
the interferon-inducing capacity of poly(I) - poly(C) and other double-stranded
polyribonucleotides is suggested by the aforementioned findings pointing to a
parallel increase of interferon production and resistance to nucleases upon

(1) complex formation with DEAE-dextran,

(2) substitution of thiophosphate for phosphate, and

(3) thermal activation.

The contention of the importance of resistance to nucleases is further
strengthened by the experiments of Nordlund ez al. 155 and Stern'59) showing
the presence in various animal sera of an enzymatic activity specifically directed
against base-paired RNA. This serum enzyme may be responsible for the de-
creased interferon response to poly(I) - poly(C) in animals treated with heterolo-
gous serum before injection of the polynucleotide!”). It may also account for
the finite half-life of ds-RNAs delivered exogenously or endogenously into the
blood stream of all animal species.

y(G)- oly(C)
Poly(sI) poly(§ ) s
Poly(81)-poly(C) 7 /
Poly (1) -poly (C) / // S
Poly (1) poly (§C). | / e /
Poly (AU _______2 4
Poly (1C) *~——-—-
Interferon
inducing Poly (81 5C)——————
activity Poly (5A 5U)——~=-~
,Poly [A)- poly(2'-FU)
Poly (A]-poly (U ’

/ ,Poly(A) poty (2'-OMe U)
fr-Poly (A)poty(2'-Cl U)

a

Poly {1C)———
Poly (AU)~—-

Resistance to degradation by nucleases
(e.g. pancreatic ribonuclease)
* Upon thermal activation

Ik
|
|
|
|

Poly (A)- poty (2'-N3 U)
Poly (I)- poly (2'-OMe C)
oly (1) poly (2'-CL C)

Fig. 6. Influence of resistance to nucleolytic degradation on interferon-inducing activity

of synthetic polynucleotides

Although Colby and Chamberlin®?) failed to link the efficiency of poly-
nucleotide interferon inducers to their sensitivity to pancreatic ribonuclease,
it is unquestionable that the more effective interferon inducers [poly(I) - poly(C),
poly(G) - poly(C), thiophosphate-substituted poly(A-U) and poly(I-C), and

thermally activated poly(A—U) and poly(I—C)] are all more

resistant to nucleo-

lytic degradation than the lesser active compounds [poly(A) - poly(U), non-

activated poly(A—U) and poly(I-C)] (Fig. 6; Refs.62: 69, 70~

72,75)). However,
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the polynucleotide duplexes, poly(A) - poly(U), poly(I) - poly(C), in which

the 2"-hydroxyl of the pyrimidine strand has been replaced by a 2'-fluoro,
2'—O-methyl, 2'-chloro, or 2'-azido group, are considerably more resistant
toward nucleases than their parent compounds!58-163), yet they do not
exhibit more than marginal activity 79 81: 82, 84) Does it mean that the
interferon-inducing activity of polynucleotides is compatible only with a
certain range of resistance to nucleolytic degradation, and that at least partial
degradation of the polynucleotide is needed for the interferon induction pro-
cess? The answer to this question cannot be ascertained without further experi-
mentation.

4.2.5. Presence of 2'-Hydroxy! Groups

The presence of 2"-hydroxyl groups is certainly one of the most, if not the
most stringent structural requirement for interferon induction by polynucleo-
tides. That the sugar residue in the polynucleotide should be ribose and not
desoxyribose was already em%)hasized in the initial studies of Vilcek et al.>”
and Colby and Chamberlin62), Various other substitutions have since then
been carried out at the C—2" position of polyribonucleotides (Table 7), and,
although all these modifications rendered the polymets more resistant to
degradation by nucleases (e.g. pancreatic ribonuclease), they caused a signifi-
cant decrease in antiviral activity. For the 2'—0—CO—CHj substituted

poly(A) - poly(U)®%), the loss in activity should merely be regarded as a con-
sequence of non-compliance with the thermal stability requirement [see note 3)
in the legend to Table 7], but, for the other 2'-substituted duplexes (2'—F,
2'—(Cl, 2'=N3, 2’—=0—CH3;), the loss or decrease in activity should directly be
related to the absence of free 2"-hydroxyl groups. All these 2'-substituted poly-
nucleotides fulfilled the structural requirements for interferon induction, as
outlined above, viz. a sufficiently high molecular weight (S,q,,, > 5S) and
thermal stability (7m °C = 60°).

Thus, the 2'-hydroxyl group appears to be intimately involved in the inter-
feron induction process of polynucleotides. It is mandatory to find out whether
the 2'—OH as such serves as the trigger for the induction of interferon or whether
its presence results in a particular steric configuration of the molecule that is
recognized by the interferon triggering site. Due to the presence of 2'-0OH
groups, ds—RNAs are able to form hydrogen bonds with surrounding water
molecules, RNA helices (interhelical hydrogen bonds)!65), and other molecules.
Ds—RNAs lack this capacity. The 2'—F, 2'—Cl, 2'—N3 and 2'—~0—CH3 substi-
tuted analogues are also unable to make such hydrogen bonds and, therefore,
resemble ds—DNAs.

The differences in interferon-inducing activity between ds—RNAs and
ds—DNAs could be ascribed to differences in configuration (A form versus B
form). In the B form (ds—DNA in solution), the planes of the base pairs are
almost perpendicular to the helical axis; in the A form (ds—DNA in dehydrated
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environments; ds—RNA), they are tilted about 20°. DNA—RNA hybrids exist
in the A form!65),yet are quite inactive as interferon inducers®7> 62: 167) To
account for these apparent discrepancies, Kleinschmidt® formulated an attrac-
tive hypothesis: the activity of the inducer molecuie may not primarily depend
on its initial structure but on its capability to alter its conformation which
would permit it to interact with the cellular receptor site for interferon induc-
tion. The superior activity of ds—RNAs may actually reside in their property
to undergo internal structural rearrangements [A form (11 residues per turn),
A’ form (12 residues per turn), A" form (11.3 residues per turn)]168. 169),
This greater degree of freedom would permit a more ready adaptation to the
conformation of the receptor molecule. DNA—RNA hybrids cannot move out
of their tilted base A form'®®), and would, therefore, be unable to assume
compatibility with the receptor molecule. Whether the decrease in antiviral
activity observed with 2'—F, 2'—CI, 2'~Nj3 and 2'—O—CH3 substituted poly-
ribonucleotides is also accounted for by a decreased capability to assume such
transitional conformations, can only be ascertained by further study (X-ray
diffraction).

It is surprising that apparently small changes in only one strand [poly(C)
of the poly(I) - poly(C) duplex (e.g. substitution of 2'~OH by 2'—Cl,
2'—0—CHj; or 2'—H)] led to such a dramatic decrease in antiviral activi-
ty 62. 79, 84) whereas more drastic modifications such as substitution of
poly(C) by polyvinyl C3?, and interruption of the continuity of the poly(C)
strand by bond breakage 196 111, 112) o1 ynpaired bases’8 112) only caused
a slight decrease in the antiviral activity of the duplex. The latter observations
have been interpreted to mean that in the process of interferon induction by
poly(I) - poly(C), poly(I) is relatively more important than poly(C). It has also
been demonstrated 224 that the poly(I) - poly(C) duplex is most tightly and
most efficiently bound to the cell (surface) if the homopolymers are added in
the sequence poly(I) followed by poly(C), suggesting that the duplex is attached
to the postulated receptor site by its poly(I) rather than by its poly(C) strand.
How can it then be explained that subtle modifications in the poly(C) strand
(substitution of 2'~OH by 2'—Cl, 2'~H, . . .) prohibit or switch off this inter-
action, whereas gross changes in the poly(C) strand (substitution of ribophos-
phate by vinyl) do not affect it? Apparently not by assuming that the cellular
receptor site for induction of interferon specifically recognizes the 2'—OH
radicals in the poly(I) strand. A more likely hypothesis is that the 2'—OH sub-
stituted polynucleotides lack the particular steric configuration, or, in view
of the structural transition theory of Amott'®®), the structural flexibility to
interact adequately with the receptor site for interferon induction.

4.3. Low Molecular Weight Compounds

The structural requirements governing induction of interferon by the fluorene
derivatives (tilorone) and the other low molecular weight interferon inducers
can hardly be defined. Varying activities have been obtained with a set of 12
structurally related compounds representing 9 different chemical series:
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fluorenone ethers, xanthone ethers, anthraquinone ethers, fluorene ketones,

fluorenone ketones, dibenzofuran ketones, anthraquinone sulfonamides,

fluorenone esters and fluoranthene esters® V.
The protective activity afforded by these compounds against some experimental
virus infections int mice did not always correlate with the circulating interferon
titers produced. The ethers and ketones referred to above appeared to be active
interferon inducers®!); the anthraquinone sulfonamide, fluorenone ester and
fluoranthene ester tested were inactive®®). The findings reported so far on the
interferon-inducing capacity of low molecular weight compounds do not allow
to decide which molecular groups determine their activity.

However, most small molecular weight interferon inducers are diamines,
thus bis-basic substances, and, obviously, capable of interacting with nucleic
acids. Tilorone has been shown to increase the thermal stability of DNA; its
own absorption was depressed and red shifted in the presence of DNA!7®). In
addition, tilorone increased the viscosity of DNA and decreased its sedimenta-
tion rate, two findings which suggest that tilorone binds to DNA by intercala-
tion!7!). The interferon-inducing capacity of basic dyes such as toluidine blue
has been tentatively attributed to an interaction with host cell nucleic acids®? °%).
If the interferon-inducing capacity of tilorone and other basic substances is
really due to an interaction with host cell nucleic acid, e.g. a conversion of
inert host cell nucleic acid to an active interferon inducer, tilorone and its
congeners should be particularly effective interferon inducers in rabbits, for
rabbits are extremely sensitive to the interferon-inducing properties of poly-
nucleotidesS- 69> 71, 76, 78, 79, 172) {nfortunately, rabbits do not respond
to tilorone!%?), and whether they respond to basic dyes has not been assessed.

5. Mechanism of Interferon Production by Cells Exposed to
Synthetic Interferon Inducers

Among the synthetic interferon inducers described (polycarboxylates, poly-
nucleotides, low molecular weight compounds), polynucleotides and more
specifically double-siranded polyribonucleotides such as poly(l) - poly(C) are
efficient interferon inducers in vitro (cell cultures). Therefore, studies on the
mechanism of interferon production have almost exclusively been performed
with ds—RNAs (or viruses).

It has gained general acceptance that interferon production is under genetic
control. The mechanism of genetic regulation of interferon production may be
very similar to the Jacob-Monod model'”® for genetic regulation of protein
synthesis in bacteria. That interferon may be produced through a derepression
of the gene coding for the interferon protein was first suggested by Klein-
schmidt et al \7®. The suggestion stemmed from their studies with statolon,

a fermentation product of Penicillium stoloniferum: the active principle was
initially identified as an anionic polysaccharide, which eventually proved to be
an error 7% 179 indeed, the interferon-inducing activity of statolon appeared
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to reside in the ds—RNA of the mycophages (virus particles derived from the
mycelia of the mold).

Several models, yet relatively little direct evidence has been presented to
explain the genetic regulation of interferon production. No matter what model
may be built to accomodate all known facts, it should be composed, in its
simplest form, of an operon (interferon gene), a repressor protein, and a mRNA.
The repressor protein may combine with the operator of the operon (referred
to as transcriptional control in Fig. 7); in this state, the interferon gene would
be repressed. It would be derepressed if the repressor is inactivated, e.g. fol-
lowing contact of the cell with the interferon inducer. The derepressed inter-
feron gene would then be transcribed to mRNA, which in turn is translated to
interferon. Hypothetically, the repressor protein may also combine with the
mRNA for interferon (referred to as translational control), and even with the
interferon molecule itself (referred to as posttranslational control in Fig. 7).

Is there direct evidence for the genetic control of interferon production?
Two genetic elements that should be involved in interferon production have
recently been identified: first, Cassingena ez al. !77, analyzing the karyotype
of a series of monkey-mouse hybrid cell lines, were able to locate the specific
genes that code for interferon production, and, second, De Maeyer-Guignard
et al.'"® demonstrated the presence of interferon mRNA in an RNA extract
from cells induced to make interferon. Sofar, no direct evidence has been pro-
vided for the existence of other elements in the genetic control of interferon
production, viz. the triggering molecule (or derepressor) and the repressor
protein. It has even not been established yet whether the ultimate derepressor
is the interferon inducer itself or an intermediary substance induced in the cell
upon contact with the interferon inducer. Likewise it is not clear whether the
repressor protein may be assigned the role of receptor molecule alluded to
above.

5.1. Mechanism of Interferon Induction

The existence of a specific cellular receptor site, with which the interferon
inducer would combine, was initially postulated by Colby and Chamberlin®?
to explain the high degree of specificity in the induction of interferon by poly-
nucleotides. Allegedly®?), the receptor site would be able to recognize a particu-
lar molecular configuration in the structure of polynucleotides. How would

this fit with the structural requirements discussed in the preceding section?
These requirements may influence the process of interferon induction by poly-
nucleotides in two ways: first, by promoting their delivery, in intact state, at
the cellular receptor site, and second, by regulating their interaction with this
receptor site. Some requirements (e.g. molecular size, thermal stability, adequate
resistance to nucleolytic degradation) may be particularly implicated in the
delivery step, other requirements (e.g. presence of 2-hydroxyl groups) may be
directly involved in the recognition step.

197



E. De Clercq

That the efficiency of poly(I) - poly(C) as an interferon inducer does not
depend on its rate of uptake by the cells has been established in several studies.
Thus, De Clercq et al.” ) did not find a significant correlation between the anti-
viral activity and rate of cell-binding in human diploid cells with eight different
polyribo- or polydeoxyribonucleotides of widely varying degrees of antiviral
activity. Likewise, poly(]) - poly(C) exposed to a series of eight cell culture
lines which differed considerably in sensitivity to the antiviral activity of the
polynucleotide bound equally well to the most and least sensitive of these cell
cultures!”7®. Colby and Chamberlin®?, Black et al.”®’, and Field et al. 180) 4150
failed to demonstrate a preferentially increased cellular uptake of poly(T) -
poly(C) as compared to other, inactive, or lesser active interferon inducers
[poly(I) - poly(dC), poly(I) - poly(2'—CIC), poly(I) and poly(C)]. Although
poly(I) - poly(C) was taken up equally well by all sorts of cells, cell-bound
poly(I) - poly(C) appeared to be most accessible to extraneous ribonuclease
treatment in those cells that were most sensitive to the antiviral activity of
the polynucleotide”g). Thus persistence of the polynucleotide at the outer
cell membrane [in as far as sensitivity of cell-bound poly(T) - poly(C) to extra-
neous nuclease treatment can be considered as a valuable parameter of persis-
tence of the polymer at the cell surface]179) may somehow be related to its
antiviral activity.

Does it imply that the triggering or receptor site for interferon induction
is located at the cell surface? Not necessarily. To evaluate the possibility that
poly(I) - poly(C) may trigger the interferon response from the outer cell mem-
brane, studies have been initiated with poly(I) - poly(C) attached to heterolo-
gous cells or red blood cells*8% 182), or solid matrices (sepharose, cellulose,
sephadex, cellophane)' 5 184 Interferon production and antiviral activity®
were measured with these inducer systems, and it was found that such anchored
poly(I) - poly(C) conveyed significant antiviral protection and stimulated inter-
feron production. Although some release of poly(I) - poly(C) from the carrier
into the supernatant fluid was observed in all systems studied, the amounts of
polynucleotide released were too small to account for the interferon titers pro-
duced 18" 182 However, with poly(I) - poly(C) bound to red blood cells, a
direct transfer of polynucleotide of the red blood cell to the interferon-produc-
ing (rabbit kidney) cell was noted 182), and, in this particular case, the amounts
of polynucleotide taken up by the receptor cells proved large enough to account
for the interferon titers produced '82). These results indicate that mere contact
of the polynucleotide with the outer cell membrane may be insufficient for elicit-
ing the interferon response, and, that a firm association with the cell (penetration
into the cell?) is required for triggering the induction process. This requirement
does, of course, not rule out the possibility that the postulated receptor for inter-
feron production is located at a superficial cell site.

@) That the antiviral activity or cellular resistance to virus infection induced by poly(I)
poly(C) and other ds—RNAs in vitro, is due to interferon production has been asces-
tained in different studies?3: 185—187), In some peculiar conditions [e.g. poly(I) -
poly(C) added at the time of virus inoculation], poly (I} - poly(C) might directly inter-
fere with virus replication by binding to the virus-specific RNA polymerase 188),
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5.2. Mechanism of Interferon Synthesis

It has been recognized quite a long time ago that interferon synthesis is
achieved by a derepression mechanism. This conclusion was mainly based on
the observations that interferon synthesis was blocked in cells treated with
inhibitors of RNA and protein synthesis (actinomycin D, puromycin, cyclo-
heximide, p-fluorophenylalanine)'®?). More recently, however, Vilcek 138: 139)
reported that, depending on the time of administration, actinomycin D and
cycloheximide either inhibited or accentuated interferon synthesis: a marked
increase in interferon production was noted in cells incubated with poly(I) -
poly(C) and then maintained in the continuous presence of cycloheximide as
well as in cells treated with actinomycin D at several hours after their exposure
to poly(I) - poly(C). These results were originally obtained in rabbit kidney
cells but later extended to include other metabolic inhibitors (e.g. emetine,
pactamycin), other interferon inducers (e.g. UV-irradiated NDV) and other
cells (e.g. human diploid cell cultures)!#9—146), The stimulatory effects of
metabolic inhibitors on interferon production can most likely be explained

by the inhibition of a cellular regulatory (repressor) protein that controls
interferon synthesis'3%). As pointed out above, this repressor protein may do
so at either the transcriptional, translational, or posttranslational level (Fig. 7).
In more recent studies, in which addition of the metabolic inhibitors to the
cell cultures was carefully timed 4% 142), it was suggested that the repressor
protein interacted with the interferon mRNA and thereby prevented its trans-
lation (transtational or, at least, posttranscriptional control of interferon
synthesis). Analysis of one summary set of data of Vilcek and Ng'*® is in-
structive in this regard: rabbit kidney cells were exposed to poly(I) - poly(C)
for 1 h, then incubated with cycloheximide for 3 h, and eventually treated
with actinomycin D for 30 min (from 4 to 4.5 h after exposure to the inducer);
the cultures were then replenished with inhibitor-free medium, and interferon
yields were measured at 22 h: interferon titers were boosted up to about
50,000 units with the treatment regimen described, as compared to circa
10,000 units if actinomycin D was omitted, and circa 1,000 units if both
actinomycin D and cycloheximide were omitted. A plausible explanation for
these data is the following. After contact of the cells with poly(I) - poly(C),
interferon mRNA is transcribed from the interferon gene. This transcription
may be relatively rapid and nearly complete within 1 h after exposure of the
cells to poly(I) - poly(C)'*Y. The mRNA of repressor, however, would not be
transcribed until 4.5 h after addition of the inducer. If this transcription is
blocked by actinomycin D added at 4 to 4.5 h, repressor protein cannot be
synthesized, and, with interferon mRNA coded for by this time, interferon
synthesis cannot be blocked, and it can accumulate to the extraordinary titers
mentioned before. It may be concluded, therefore, that the repressor acts only
after the interferon mRNA has been synthesized, that is at a posttranscriptional
level. Such a posttranscriptional control mechanism has also been proposed by
Tomkins et al 1%9 to explain the effects of actinomycin D on the induction of
tyrosine aminotransferase by steroid hormones in hepatoma cells.
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6. Biological Activities of Synthetic Interferon Inducers

The biological activity of polycarboxylates, polynucleotides and small moiecu-
lar weight interferon inducers (e.g. tilorone) is not restricted to interferon pro-
duction. In vivo, they exert many other effects on host defense mechanisms,
including an increase of the body temperature (pyrogenicity), a stimulation

of humoral and cellular immune responses (immuno-adjuvant effect), and an
enhancement of the reticulo-endothelial cell activity (phagocytosis) (Fig. 8).
In addition, polycarboxylates, polynucleotides and tilorone not only afford
protection against virus infections, but also exhibit an inhibitory effect on
tumor growth, bacterial infections, fungal infections and protozoal infections
(Fig. 8). The different aspects of the in vivo biological activities of interferon
inducers have been reviewed previously® '3) and the reader is referred to these
reviews for more details. Taking into account the wide variety of activities
which have been associated with interferon!® (Fig. 8), could interferon pro-
duction alone account for the various antiviral, antitumoral, antibacterial,
antifungal and antiprotozoal activities of the synthetic interferon inducers?

It surely could. It is more likely, however, that other host defense mechanisms
stimulated by the interferon inducers (such as pyrogenicity, immuno-adjuvant
effect and enhanced reticuloendothelial activity) help interferon in achieving
its task.

There are three major obstacles that may limit the usefulness of polycarbo-
xylates, polynucleotides and the tilorone congeners in clinical medicine: toxi-
city, hyporeactivity and immunogenicity. The problem of immunogenicity has
been most thoroughly investigated with ds—RNAs such as poly(I) - poly(C).
Injected parenterally into rabbits, poly(I) - poly(C) and poly(A) - poly(U)
elicited the production of antibodies reactive with the ds—RNA 191-195),
Rabbits with high antibody titers to poly(I) - poly(C) showed also a reduced
serum interferon production in response to induction by poly(I) - poly(C) 194,195)
Similar suppression of the interferon response to poly(l) - poly(C) was reported
in New Zealand mice immunized with the polynucleotide%®). Characteristically,
antisera prepared from rabbits injected with poly(T) - poly(C) reacted only with
ds—RNAs and not with single-stranded RNAs or with DNA. The one exception
was a variable reactivity with poly({)ws). The relatively greater reactivity of
anti-poly(I) - poly(C) serum with poly(I) as compared to poly(C) may be
another example of the relatively greater importance of poly(I) than of poly(C)
in the biological activity of the poly(I) - poly(C) duplex (see Section 4.2.3). In
preliminary trials in human subjects, Field ez al 67) failed to demonstrate the
production of anti-poly(I) - poly(C) antibodies, even with relatively large
amounts of the polymer administered in repeated doses by the intravenous
route. Yet, caution should be advocated in the administration of poly(I) -
poly(C) to immunologically hyperreactive hosts (prone to autoimmune dis-
orders: e.g. patients with systemic lupus erythematosus, theumatoid arthritis,
..), for poly(I) - poly(C) has been shown to accelerate the onset of autoim-
mune disease in such hosts (New Zealand mice)!®?).
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Another obstacle confronting the potential use of interferon inducers as
chemotherapeutic agents is the development of a state of hyporeactivity, also
called tolerance or hyporesponsiveness, following repeated administration of
the inducer. The titers of interferon produced as well as the extent of protec-
tion conferred against viral infection4 68), are markedly reduced during this
hyporeactivity period. Hyporeactivity to repeated administration has been
demonstrated with nearly all inducers: polycarboxylates*®- 49) polynucleo-
tides®S: 90 tilorone®7> 89: 91)

A consistently emerging problem apparently inherent to the use of inter-
feron inducers, even in animal species that do not respond by circulating inter-
feron production, is toxicity. Polycarboxylates owe their toxicity to deposition
of the compound in the reticulo-endothelial cells and poor biodegradability.

In man, polycarboxylates cause fever, trombocytopenia and basophilic inclusion
bodies in the peripheral polymorphonuclear leukocytes and macrophages and
in the histiocytes of liver, spleen and bone marrow#”). Similar basophilic granu-
les were found in the peripheral leukocytes, Kupffer cells, spleen and lymph
node macrophages in mice, rats and dogs treated with tilorone'®). Humans
subjected to topical ocular application of tilorone were troubled by blurred
vision apparently caused by deposition of the drug in the epithelium of the
cornea; approximately two months were required for the drug to disappear
from these cells!®¥. Patients who had received oral tilorone developed gastro-
intesltgz)al disorders (diarrhea, vomiting) but no systemic interferon produc-
tion .

The toxic properties of ds—RNAs such as poly(I) - poly(C) are reminiscent
of those of bacterial endotoxin (pyrogenicity, and multivalent toxic effects on
thymus, spleen, liver, bone marrow, gut, brain, eye, . . ., as reviewed extensively
in Refs.* 199)). This toxicity is even more pronounced in virus-infected ani-
mals???). Is it possible to uncouple the interferon-inducing (or antiviral) activi-
ties of ds—RNAs from their toxic properties, or do they co-vary? Several proce-
dures have been used in attempts to increase the interferon-inducing capacity
of poly(I) - poly(C) in mice: e.g. simultaneous injection of lead acetate or cyclo-
heximide, and prior injection of Freund’s adjuvant or chlorite-oxidized oxy-
amylose (COAM)?°Y). These procedures brought about a parallel increase in
interferon production and toxicity, suggesting that the two effects could not
be separated. In other experiments, the poly(I) - poly(C) molecule itself was
chosen as target for the modifications, and the modifications carried out were
aimed at decreasing the toxicity rather than increasing the activity of the ds—
RNA, viz. reduction of the molecular size of poly(C)!*!- 121), and introduction
of unpaired bases (G or U) in the poly(C) strand 112> 202). These modifications
did not markedly affect the antiviral activity and interferon-inducing capacity
of poly(I) - poly(C), yet decreased its toxicity to a marked extent }21, 202),
These findings suggest that the interferon-inducing and toxic properties of
poly(I) - poly(C) do not necessarily co-vary but can be uncoupled by appro-
priate modifications in the molecule. Further studies along these lines may
eventually help to resolve one of the oldest questions in interferon research:
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is interferon production a specific cellular response or merely the consequence
of a toxic alteration?

7. Summary

Various synthetic substances are able to stimulate interferon production, some
of them only in vivo (polycarboxylates: pyran copolymer, polyacrylic acid,
chlorite-oxidized oxyamylose; low molecular weight compounds: tilorone,

.. .), others in vivo and in vitro [polynucleotides: poly(I) - poly(C), poly(A) -
poly(U) and other ds—RNAs].

The interferon-inducing capacity of polycarboxylates and polynucleotides
depends on a number of structural requirements. These requirements have been
most extensively studied with synthetic polynucleotides. Keynotes for activity
are: high molecular weight, highly ordered double-stranded structure (high
thermal stability), adequate resistance to degradation by nucleases, and the
presence of 2'-hydroxyl groups. Development of new compounds with high
specific activity should adhere to these guidelines. Similar structural require-
ments (high molecular weight, structural stability, polyanionic character, and,
a rather vaguely understood spatial configuration) govern the activity of poly-
carboxylates. It has so far been impossible to identify the molecular deter-
minants for activity in the low molecular weight interferon inducers. The sole
characteristic they have in common, is that they are all diamines; the presence
of this requirement does, of course, not allow to predict whether the congener
would be active or not.

The mechanism of interferon production has been investigated most thor-
oughly with ds—RNAs. It has gained general acceptance that the production of
interferon is based on a genetic derepression mechanism. Some elements of this
genetic regulation system have been located or identified, e.g. the structural
genes for interferon synthesis and the interferon messenger RNA. Other ele-
ments have only been demonstrated indirectly: the repressor protein (identical
to the purported receptor molecule, that is the molecule to which the inter-
feron inducer should combine to trigger the interferon response?), and the
mode of action of the repressor (inhibition of interferon synthesis at the
translational level?).

In vivo, interferon inducers exert a wide variety of effects on host defense
mechanisms: interferon production, pyrogenicity, stimulation of cellular and
humoral immunity and stimulation of reticulo-endothelial activity. It is not
surprising, therefore, that interferon inducers increase the host’s resistance to
both viral and non-viral (bacterial, fungal, protozoal) infections and tumor
growth. A major obstacle confronting the clinical usefulness of interferon
inducers is their toxicity. Are interferon induction and toxicity necessarily
coupled or can they be disconnected? Preliminary evidence suggests that, at
least with poly(I) - poly(C), toxicity and activity could be uncoupled.
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Ch. Woenckhaus
1. Introduction

The name nicotinamide-adenine dinucleotide (NAD®) describes a structure in
which nucleotides containing nicotinamide and adenine are linked through a
pyrophosphate bond. The substance serves as coenzyme for a number of
dehydrogenases active in the oxidation or reduction of metabolites. The reac-
tion, as written, involves the stoichiometric, reversible transfer of hydrogen
from the metabolite to the coenzyme'* 3 Tt is the pyridine ring of NAD®
that changes during oxidation or reduction. The combination of nicotinamide
with ribose creates a quaternary nitrogen with a positive charge in the ring, and
the nucleotide is a stronger oxidizing agent than the free nicotinamide alone.
The additional structure of the molecule beyond the reactive pyridine ring
serves to bind it in a distinctive way to specific enzymes. The reduction of
NAD® requires the addition of a hydride ion, a proton with two electrons, and
the nucleotide loses its positive charge in the process. The hydride ion is con-
tributed by the substrate that is being oxidized. In addition to the enzymatic
reaction, NAD® can be reduced chemically with sodium hyposulfite. The
reduced NAD is not able to transfer its hydrogen in the absence of an enzyme.
The coenzyme is activated by a specific interaction with the rest of the en-
zyme protein. The NAD® (or NADH) is bound to specific sites on the enzyme
molecule and forms reactive coenzyme—enzyme complexes.

NH, 9
N# N 0O O C
LD T AL
SNN CH,—0—P—0—P—0CH, N
! | 18]
M N 0 0.
0 H g
0

NH, HH

I
; N (@] O C
N= !
LY oo d oo, L
SN--N__ CH,—O—P—0—P—OCH, N

{ \ | | O
0 O.
Fig. 1

In order to interpret the redox mechanism, it is necessary to know some-
thing about the nature of these coenzyme—enzyme complexes. The chemical
alteration of either of the two constituents that make up the complex could
therefore be important for an understanding of the mode of binding and the
mechanism of coenzyme activation. Modification of the high-molecular weight
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protein moiety of the enzyme is rather difficult and often provokes total loss
of the catalytic activity of the complex; there are very few cases where its
activity is conserved?’. Modification of the coenzyme molecule, however, is
readily effected. We have therefore attempted to make structural changes in
the nicotinamide-adenine dinucleotide moiety and then to study its interaction
with dehydrogenases. These studies have been helpful in revealing the nature
of enzyme-coenzyme interactions.

The removal of the adenine ring from the coenzyme molecule gives nico-
tinamide-riboside-5'-pyrophosphate-5" -ribose, 2 compound that has little
coenzyme activity. The nicotinamide mononucleotide acts as hydrogen accep-
tor with alcohol dehydrogenase from liver. The reduced forms of both coen-
zyme fragments react with dehydrogenases and their appropriate substrates.
However, compared to that with NADH, the reaction of dehydrogenases with
the coenzyme fragment which contains no adenine show that the adenine part
of the molecule is important for the enzymatic reaction. If the nonfunctional
part of the molecule is necessary for the binding of coenzymes to the active
center, its absence might be expected to lead to a higher dissociation of the
complexes and hence a reduction of their catalytic activity. Besides being
functional for binding, the adenine part of the molecule may also be involved
in the activation of nicotinamide when the coenzyme—enzyme complex is
formed. Adenine may participate in the transfer of energy from the protein to
the functional part of the molecule; this assumption is supported by the fact
that, in NAD® and NADH an interaction between the two rings is observed.
The extinction of NAD® is not an additive function of the extinction of adeno-
sine monophosphate and nicotinamide mononucleotide. Only after the splitting
of the pyrophosphate bridge is there the rise in extinction that one would
expect. The same occurs with NADH: the absorption maxima at 260 nm and
340 nm increase only after dissociation of the pyrophosphate br1dge4) More-
over, a blue shift of 5 nm is observed when the dihydronicotinamide part is
detached. The direct transfer of energy from adenine to the dihydronicotin-
amide ring of the coenzyme has been reported by Weber®). The dihydronicotin-
amide ring of NADH absorbs light in the range 310 to 390 nm and emits energy
over the broad range 390 to 500 nm; the maximum lies at 456 nm (Figs. 2, 3
and 4).

The absorption maximum of adenine occurs at 260 nm. It does not
fluoresce at neutral pH at room temperature. On irradiation at 260 nm the
dihydronicotinamide part of the molecule emits energy at 456 nm. This pro-
cess involves the transfer of the energy of light from the adenine ring to the
dihydronicotinamide ring, which then emits fluorescent light. This leads us to
conclude that both coenzyme forms, NAD® and NADH, lie in a folded confor-
mation and that their rings are arranged in parallel6 . If the coenzyme were to
bind at the active center of the enzyme, there would be an interaction bet-
ween the coenzyme moieties and the side chains of the enzyme molecule
which would then influence the optical properties of the enzyme and the coen-
zZyme.
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2. Coenzyme—Enzyme Complexes

The optical changes that occur after complex formation between the enzyme
and the coenzyme are expressed in the fluorescence spectrum. The excitation
spectrum is usually reflected in the absorption spectrum, since the energy
taken up in the absorption region is generally emitted at another wavelength.
To obtain the excitation spectrum, the irradiation wavelength was varied and
the intensity of the light emitted at a constant wavelength was measured. To
obtain the emission spectrum, the substance was irradiated at a constant
wavelength and the intensity of the light emitted was measured.

Dehydrogenases exhibit a fluorescence similar to that of tryptophan.
Irradiation of dehydrogenases at 280 nm gives an emission maximum at 340
nm (Figs. 2 and 3). This pattern is characteristic of enzymes which contain
tryptophan and can be designated protein fluorescence. The other side residues,
tyrosine or phenylalanine, flucresce very weakly and probably do not con-
tribute significantly to the fluorescence of the enzyme”.

5001

T bv ~ |
250 300 350 nm

Fig. 2. Fluorescence excitation spectrum of (¢) NADH,c =1 x 10_4M, (b) alcohol dehy-
drogenase from yeast,c =5 x 1075 M, (¢) binary complex of NADH and alcohol dehydro-
genase. Emission 455 nm

500

= b J
400 450 nm 500

Fig. 3. Fluorescence emission spectrum of (¢) NADH, ¢ =1 x 10_4M, (b) alcohol dehydro-
genase from yeast, ¢ =5 x 107 M, (¢) binary complex. Excitation: 340 nm
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1001
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Fig. 4. Fluorescence emission spectrum of (¢) NADH,c =1 x 10_4M, (b) alcohol dehy-
drogenase from yeast,c =5 x 1075M, (c) binary complex. Excitation: 280 nm, pH 7.5.
Ordinate: wavelength

Abscissa: Intensity of the fluorescent light in asbitrary units

NAD® does not show fluorescence, whereas in NAD® or NADH dehydro-
genase complexes the fluorescence at 340 nm is reduced after irradiation at
280 nm. In the excitation spectrum of NADH—enzyme complexes increased
fluorescence of the coenzyme is recorded after irradiation at 340 nm (Figs.

2, 3 and 4). The emission maximum is shifted by 30 nm from 456 to 426 nm
In the excitation spectrum a new fluorescence band is seen at 280 nm; this
band cannot be attributed either to the protein or to the coenzyme, since their
emission maximum lies at 426 nm and represents the coenzyme fluorescence
after formation of the complex. The coenzyme has very low absorption at

280 nm whereas the tryptophan residue absorbs very strongly at this wave-
length, or m this region. However, the emission maximum for tryptophan lies
at 340 nm”: the irradiated energy is accepted by the tryptophan residue and
transferred to the dihydronicotinamide ring, which then emits it® . This band
is called the energy-transfer band. The depression of protein fluorescence can
be explained by the fact that almost all the energy absorbed by the protein at
280 nm is emitted by NADH. The increase in the coenzyme ﬂuorescence is
perhaps due to a rigid binding of the coenzyme at the active center”). This
strong binding may lead to repression of the process causing inactivation of
the excited state and reduction of the quantum yield®: 10) The blue shift of
the coenzyme fluorescence after its binding to the enzyme could be ascribed
to a small polarized region in which the dihydronicotinamide ring is present at
the active center of the enzyme’

The NAD®—enzyme complex exhibits absorption regions that characte-
rize protein, adenine and nicotinamide, i.e. in the range 240 to 290 nm. In the
NADH-—enzyme complex, the dihydronicotinamide part absorbs at 340 nm.

In difference spectra comparing NADH—dehydrogenase complexes and isolated
components, the absorptlon changes between 340 and 360 nm can be attri-
buted to hydrogen transfer'®). Using coenzyme analogues in which the non-
functional part shows a different spectral behavior, one observes the changes

8)
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in absorption after complex formation. These changes can be correlated with
single components of the analogues.

3. Coenzyme Analogues

The substitution of the nicotinamide part of the NAD® molecule by other
pyridine rings through an enzyme-catalyzed exchange reaction with NAD-
glycohydrolase has been reported’ v, Using this reaction, Kaplan was able to
synthesize a number of structural analogues of the coenzyme'?. Since the
functional part of these analogues is modified, they have different redox po-
tentials. Because no direct exchange of charge takes place between dihydro-
pyridine and pyridine, it is difficult to measure the redox potential. However,

a) 0 0
Ad i 0 lII’ N O HO |P' (6] b d
enosine—0O—FP— + —P — 0O —ribose — nicotinamide
[ —4 |
O o
H
!
NAD®
b) 0 N-Cy¢Hy; O HN-CgHy,

il il {l |
Adenosine—Q—-P—-0~H+C —> Adenosine—O—P—-0—-C

| i i fl

O_ N7C6Hll O N*CﬁHll

H

+ Nicotinamide mononucleotide + Adenine mononucleotide

—

NAD® Bis-adenine dinucleotide

+ Adenosine mononucleotide

6] N—CgHyy O HN-CgHyy
I I ™~ o

Nicotinamide-ribose-O—P—OH + C —> Nicotinamide-ribose—0—P—0—C
| il | I
O_ N—CgH;, O N-CgHy,

+ Nicotinamide mononucleotide

Fig. 5 Bis-nicotinamide dinucleotide
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the coenzyme analogues form cyanide adducts with variable dissociation con-
stants and from these dissociation constants one can calculate the approximate
redox potentials'®). Modifications of the nonfunctional part, though they do not
alter the redox potential, require the synthesis of the nonfunctional part of
the coenzyme which can then be attached by bonding the nucleotide-5"-phos-
phate with nicotinamide mononucleotide through an anhydride bond'#). The
synthesis of these compounds was effected as follews:

a) Activation of the nucleotide monophosphate. e.g. formation of phospho-
morpholidate and condensation with nicotinamide mononucleotide!),

b) Condensation of both nucleotide monophosphates via N,N-dicyclohexyl-
carbodiimide in aqueous pyridine’

Procedure a) gives a good yield, but it is usually difficult to separate the
coenzyme analogues from the starting materials. The formation of symmetri-
cal byproducts is not observed. With procedure b), yields of coenzyme ana-
logues seldom exceed 35%; the symmetrical nucleotide anhydrides formed
can easily be separated by ion-exchange chromatography (Fig. 5).

Nucleotide monophosphate can be prepared from naturally occurring
nucleotides by substitution reactions, as described earlier!”. An other possi-
bility is to synthesize the nonfunctional ring, convert it into its heavy-metal
salt, and condense with 1-chloro-2,3,5-O-triacetyl ribofuranose'®. The prepa-
ration of nucleosides by the fusion method requires the use of 1,2,3,5-0-
tetraacetyl ribofuranose, which in the presence of a catalyst converts the base
into a nucleoside'®. After hydrolysis of the protective acetyl groups, the
2',3" hydroxyl groups of the sugar can be selectively converted with acetone
into the isopropylidene nucleoside. The phosphorylation of free 5"-hydroxyl
groups with cyanoethyl phosphate and N,N-dicyclohexylcarbodiimide leads
to the formation of nucleoside-5' phosphate?®. In a weakly acidic medium
the isopropylidene residue is again split. The nonprotected nucleosides can be
selectively phosphorylated at the 5 position with phosphorus oxychloride in
a solution of trimethyl phosphate?V) (Fig. 6). The role of the nonfunctional

H; CCOOCH, H;CCOOCH, Base
%iz_mc 1 + Base-HgCl ;O?
H;CCOO  OOCCH, H;CCOO  OOCCH;

: |

OPOCH2 Base HOH,C  Base HOH,C  Base
O: :O
' O O O
|
Fig. 6 & H H,C” CH, H
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ring and the ribosyl residue of the coenzyme in binding and activating the
nicotinamide part was investigated with these coenzyme analogues. By insert-
ing reactive groups in the coenzyme analogues one can prepare inactivators
which, because of their structural similarity to the natural coenzyme, can be
attached to the active center and react with side chains of the protein to form
covalent bonds. If now one degrades the inactivated enzyme protein, it is
possible to identify the amino acids involved in binding the coenzyme.

The removal of adenine from NAD® induces strong inhibition of the cata-
lytic activity of the coenzyme fragment26) ; substitution of the adenine by
other purine derivatives gives rise to coenzyme analogues with coenzyme
properties almost similar to those of NAD® and NADH??> 23) (Table 1).

Table 1. Coenzyme properties of analogues containing different purine systems

Enzymes L-ADH Y-ADH LDH

Kyx10* p o Kyvx10® Vmax  Emx10% Vi
Nicotinamide-6-methyl-
purine dinucleotide 0.3 500 3.5 20000 1.5 18000
Nicotinamide-purine di-
nucleotide 1.2 300 2.5 20000 1.8 18000
Nicotinamide-6-thiopurine
dinucleotide 1.6 230 6 10000 3 14000
Nicotinamide-6-methyl-
thiopurine dinucleotide 2.3 300 6.7 10000 2 10000
Nicotinamide-6-methyl-
2-chloropurine dinu-
cleotide 0.15 330 3 20000 1.5 20000
NAD® 0.3 410 2.5 55000  0.75 17000

Abbreviations: L-ADH — alcohol dehydrogenase of liver;
Y-ADH - alcohol dehydrogenase from yeast;
LDH - lactate dehydrogenase;
MDH, — cycloplasmatic malate dehydrogenase;
MDH,,, — mitochondrial malate dehydrogenase;
GAPDH - glyceraldehyde-3-phosphate dehydrogenase.

Some of these derivatives, however, differ from the natural coenzyme in their
intramolecular interaction. The hypochromic effect is reduced as compared to
NAD® or NADH?*. The fluorescence spectra of some excited molecules do

not show the energy-transfer bands observed with the natural coenzyme23)
(Fig. 7). o CH,
| |
CH, S S CH,
N XN NF N\ NN N7 N\ NN
Oy T O T o
N TT] N If N 1‘|1 N Tf QN 1!\1
6—Methylpurine Purine 6—~Thiopurine 6—Methylthiopurine 2—Chloro—6—
Fie. 7 methylpurine
1g.
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It has been shown that substitution of the purine ring by other ring systems

strongly influences the catalytic activity of the analogues*® . We have succeeded
in substituting the adenine ring by the ring systems shown in Fig. 8.

94 kj C[\> _ \>

Uracil Todouracil 3—Desazapurine 1 —Desazapurine
i
e O, @ e TP
G b
Benzimidazole Phenol Nicotinamide i

Fig. 8 S—Acetyl—4—methylimidazole

In coenzymes that contain these ring systems the intramolecular interac-
tion is weaker than in the above-mentioned coenzyme analogues that contain
other purine structures. Energy transfer was observed in the case of dihydro-

Table 2. Coenzyme properties of analogues with substitution of the nonfunctional
ring system
Enzymes L-ADH 4 Y-ADH a LDH 4

KM x107 Fpax KMx 107 Vigax Ky x 100 Viax

Nicotinamide-

uracil-dinucleo-

tide 3.7 230 50 2500 5.6 15000
Nicotinamide-5-

iodouracil-

dinucleotide 3.6 280 20 3000 3.8 12000
Nicotinamide-

3-desazapurine-

dinucleotide 0.6 260 40 15000 6.2 20000
Nicotinamide-

1-desazapurine-

dinucleotide 33 250 30 4000 2.8 15000
Nicotinamide-

benzimidazole-

dinucleotide 3.7 200 38 1300 6 15000
Nicotinamide-

S-acetyl4-

methylimidazole

dinucleotide 0.6 260 40 16000 5 25000
Nicotinamide-

phenoxy-dinu-

cleotide 6 240 50 7000 8.7 15000
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nicotinamide-benzimidazole dinucleotide and dihydronicotinamide-1-desa-
zapurine dinucleotide. The catalytic activities of these derivatives are shown
in Table 2.

The coenzyme analogues exhibit different activities with different en-
zymes. Thus, for catalytic activity in the lactate dehydrogenase system, it is
sufficient that an aromatic ring system be present in the nonfunctional part of
the molecule. The Michaelis constants Ky increase, but the turnover numbers
are not reduced. The coenzyme properties of nicotinamide-3-desazapurine
dinucleotide and nicotinamide-5-acetyl-4-methyl-imidazole dinucleotide in the
test with alcohol dehydrogenase from horse liver are shown in Table 2. In
these cases the Michaelis constants are not reduced, and are comparable to
those obtained in the presence of NAD®. Both these coenzyme analogues con-
tain a polarizable group which relative to the structure of adenine is present
at the N-1 position. The importance of this ring nitrogen was first reported by
Kaplan and coworkers®) in their studies on the catalytic activities of N-6-
hydroxyethyl-NAD and N-1-hydroxyethyl-NAD. The N-1 derivative had
much less cocatalytic activity than its isomer, the N-6-derivative.

The symmetrical coenzyme derivative bis-nicotinamide dinucleotide has
little coenzyme activity2 ®) and in various enzyme tests is converted at a very
low rate to the symmetrical bis-dihydronicotinamide dinucleotide (Fig. 9).
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SN CH,0—P—0—P—0OCH, N N~ CH,—0—P—0—P—O0CH, N
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HH O

I HE D
C 0 0 C
fﬁ/ WH, ] félf “\NH,
N~ CH,—O—P—0—P—OCH, “N
{ \ | | 0
Fig. 9 o 0. 0. w

The latter compound can be converted by backreaction into another nonsym-
metrical form, nicotinamidedihydronicotinamide dinucleotide. The cocatalytic
activity of bis-nicotinamide dinucleotide is as good as that of the coenzyme
fragment containing no adenine®”. If one of the nicotinamide rings is con-
verted to the dihydro form, the coenzyme analogue can function as a hydrogen
acceptor with an efficiency equal to that of nicotinamide-benzimidazole dinu-
cleotide. Conversely, the semihydrogenated form, nicotinamide-dihydronicotin-
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amide dinucleotide, is as good a hydrogen donor as dihydronicotinamide
mononucleotide, as is shown in Table 3.

Table 3. Coenzyme properties as hydrogen acceptor

Enzymes L-ADH 4 Y-ADH 4 LDH 4
Kmx107 Viax Kmx 107 V.o KmMx107 Viax

Bis-nicotinamide

dinucleotide 100 30 140 570 100 300

Nicotinamide-

dihydronicotinamide-

dinucleotide 4.5 200 40 1300 2 14000

Nicotinamideribose-

5’-pyrophosphate-5-

ribose 40 100 100 1000 60 500

Properties as hydrogen donor

Dihydronicotinamide-

benzimidazole

dinucleotide 0.4 2500 2 32000 0.3 66000
Bis-dihydronico-

tinamide-dinucleotide 0.5 6300 3.5 50000 0.6 55000
Nicotinamide-di-

hydronicotinamide-

dinucleotide 10 120 50 900 10 3500
Dihydronicotin-

amide-ribose-5°-

pyrophosphate-5"-

ribose 3 2300 20 10000 1 9600
Dihydronicotin-

amide mononucle-

otide 10 30 50 40 50 1500

It is concludet from studies with-various forms of the bifunctional ana-
logues that the dihydronicotinamide part is preferentially attached at the
adenine binding site, indicating its hydrophobic character. The polar pyridine
ring is never bound at this position. The presence of one or both rings in di-
hydronicotinamide form may cause the coenzyme analogue to be bound
firmly enough to allow the reaction of the other ring to proceed. To obtain
the semihydrogenated form from bis-nicotinamide dinucleotide, it is neces-
sary to bring the polar pyridine ring to the nonpolar adenine binding site. The
same situation is valid for the backreaction.

The dissociation constants of nicotinamide-dihydronicotinamide dinucleo-
tide-dehydrogenase complexes are similar to those of other coenzyme analogue
complexes. It is therefore assumed that, during complex formation by the
semi-reduced form, the dihydronicotinamide ring of nicotinamide-dihydronico-
tinamide dinucleotide readily attaches to the adenine binding site?”). The
fluorescence spectrum of the nicotinamide-dihydronicotinamide dinucleotide
complex shows an energy-transfer band at 280 nm but,according to our experi-
mental results, the dihydronicotinamide part is not fixed to the nicotinamide
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binding site. Perhaps there is some interaction between the tryptophan residue
of the active center and the nonfunctional part of the coenzyme. Studies on
the fluorescence of various dihydro coenzyme analogues and their enzyme
complexes indicate that it is the nonfunctional part that influences the fluores-
cence of binary complexeszs). The fluorescence of a complex is suppressed if
the coenzyme analogue is not bound sufficiently at the active site, as in the
case of dihydronicotinamide mononucleotide and dihydronicotinamide-ribose-
5'.pyrophosphate-5"-ribose. Here, even at high concentrations of the coenzyme
fragments, no energy transfer band is observed and no increase can be detected
in the coenzyme fluorescence in the presence of enzyme. However, we observ-
ed in all cases a quenching of the protein fluorescence at 340 nm after irradia-
tion at 280 nm. In the case of dihydronicotinamide-benzimidazole dinucleo-
tide, a threefold increase in coenzyme fluorescence is seen after complex for-
mation with the alcohol dehydrogenase of liver?®. The energy-transfer band
and the intensity of quenching of the protein fluorescence does not differ
from that of the NADH-alcohol dehydrogenase complex. In other enzyme-—
—coenzyme analogue complexes one observes a decrease in the intensity of
the coenzyme complex fluorescence and the energy-transfer band.

The binding of the nonfunctional part of the coenzyme can be studied by
measuring the absorption spectra of the complex against those of the isolated
components. The formation of enzyme—coenzyme complexes changes the
intramolecular interactions; the intensity of these interactions can be measured
by comparing the spectra of dihydro coenzyme analogues and the mono-
nucleotides. Against NADH the spectrum of an equimolar mixture of dihydro-
nicotinamide mononucleotide and adenosine monophosphate shows rises at
335 nm and 260 nm and a minimum at 280 nm. The peaks at 320 nm and
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Fig. 10. Difference spectra of (a) NADH,c=1x 107%™ against the two coenzyme frag-
ments: adenosine monophosphate, ¢ = 1 x 104 M and dihydronicotinamide mononucleo-
tide,c=1x 10 4M, pH 8.3, (b) NADH and lactate dehydrogenase against the NADH-
lactate dehydrogenase complex, all components 1 x 107*M
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260 nm are due to the reduced hypochromic effect, a result of splitting of the
pyrophosphate bridge. In addition, there is a blue shift of 5 nm in the absorp-
tion band of the dihydronicotinamide part. The intramolecular interaction due
to the dipole-dipole relation with the adjacent bases reduces and broadens the
absorption bands of the dihydronicotinamide and adenine. If the coenzyme
were bound to the active center of dehydrogenases in an open form, one would
not expect an intramolecular interaction between the rings. Thus, one would
expect to see changes in the absorption behavior of the difference spectra of
complexed NADH and nonbound NADH (Fig. 10).

The minimum at 340 to 360 nm is thought to be due changes in the ab-
sorption of dihydronicotinamide. If one compares the spectra of complexed
NADH and nonbound NADH, one can interpret the absorption changes as
follows. The relationship of the adenine ring to the protein part now changes
and becomes stronger than that to the dihydronicotinamide ring; hence the
strong reduction of the adenine absorption band in the complex at 260 nm.
A small peak in the region of 330 nm could be due to changes in the hypo-
chromic effect of the dihydronicotinamide part, since after binding to the
enzyme, absorption is shifted to shorter wavelengths'® 2. In the difference
spectra one observes a remarkable minimum. The long-wave flank of the ade-
nine absorption at 280 nm is very sensitive toward the nature of the solvent.
The changes in this region of the spectrum can be explained on the basis of
n-m* interactions, which also take place when the adenine ring is protonated
in the N-1 positionao). On the other hand, when dihydronicotinamide-benzi-
midazol dinucleotide is the complexing partner, new absorption bands, which

AE
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260 280 300 32 340 nm
-0.01-

Fig. 11. Dotted line: spectrum of dihydronicotinamide-benzimidazole dinucleotide,
c=1x10"5M, pH 8.5.

Solid line: difference spectrum of dihydronicotinamide-benzimidazol dinucleotide and
lactate dehydrogenase against the complex28
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Fig. 12. Solid line: spectrum of benzimidazolriboside in water; dotted line: in dioxane—
water mixture (v:v=150:50),c=1x 10"*M

coincide with the absorption maxima of benzimidazole, occur in the region
240 to 280 nm (Figs. 11 and 12). Protonation of the benzimidazol ring is not
possible; the changes in the absorption bands are due to the disappearance of
the fine structure of benzimidazole absorption after binding to the active
center. A change in the absorption of benzimidazole in a nonpolar solvent is
similarly an indication of the hydrophobic character of the adenine binding
site.

We thought the spectral changes might be induced by aromatic amino-
acid residues; we therefore used the coenzyme fragment dihydronicotinamide-
ribose-5 -pyrophosphate-5”-ribose and the analogue bis-dihydronicotinamide
dinucleotide with lactate dehydrogenase, but these neither increased the ex-
tinction at 280 nm nor decreased the extinction at 260 nm. Complexes of
these analogues with alcohol dehydrogenase of liver, and to some extent of
yeast, did increase extinction at 280 nm. Thus, with alcohol dehydrogenase,
but not with lactate dehydrogenase, complex formation does involve a change
in the conformation of aromatic amino acids.

Complexes of lactate dehydrogenase with various coenzyme analogues
exhibit differences in degree of dissociation. The role of amino-acid residues
which have dissociable groups can be studied by examining the stability of
complexes at various pH values. Analogues that are modified in the nonfunc-
tional part all exhibit a similar type of pH dependence in their dissociation
constants. Using NADH or dihydronicotinamide-benzimidazole dinucleotide
as complexing partner, we found that with alcohol dehydrogenase from yeast
there is a significant decrease in the stability of the complexes between pH 6
and 7. This indicates that the binding of the coenzyme involves a side chain
with a pK of 6.5.
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Fig. 13. pH dependence of the pKp values of complexes of alcohol dehydrogenase from
yeast with (2) NADH, (b) dihydronicotinamide-benzimidazol dinucleotide

pH
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Fig. 14. pH dependence of the pKp values of complexes of alcohol dehydrogenase from
liver with (@) NADH, (b) dihydronicotinamide-benzimidazole dinucleotide

r

pH
Fig. 15. pH dependence of the pKyp) values of lactate dehydrogenase complexes with (2)
NADH, (&) dihydronicotinamide-benzimidazole dinucleotide, (¢) dihydronicotinamide-
ribose-5"-pyrophosphate-5"-ribose
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Since the same pH dependence was observed with the benzimidazole ana-
logue, this side chain is probably not involved in the binding of the nonfunc-
tional part. In alkaline medium the stability of the complexes of both ana-
logues is the same. Under these conditions the coenzyme may be held by the
ionic 1nteract10n of the pyrophosphate residue to a specific group in the active
center”!

4. The Role of the Ribose Moiety in the Coenzyme Molecule

The first coenzyme analogue, which had the ribose in the nonfunctional
adenosine moiety substituted by 2-deoxyribose, was synthesized by Honjo32).
This derivative showed lower coenzyme activity than NAD®, so it was sup-
posed that the coenzyme binding involves interaction of the amino-acid resi-
dues with the hydroxyl groups of the sugar. The substltutlon of D-ribose of
adenosine by L-ribose greatly inhibits coenzyme activity® 3) The K- um and Viax
vahlues in this case are similar to those of the adenine-free coenzyme fragment.
Complexes of the L-ribose analogue with dehydrogenases dissociate strongly.
The redox potential and the intramolecular interaction between adenine and
the functional ring are similar to those obtained with the natural coenzyme.
Perhaps therefore the reduced coenzyme activity is due to difficulties in bind-
ing to the active center. X-ray structure analyses of binary complexes of
coenzymes and dehydrogenases by Rossmann3!) have shown that, in the case
of lactate dehydrogenase, the aspartic and glutamic acid residues interact with
the hydroxyl groups of the sugar, so giving rise to hydrophilic regions in the
active center?). The hydrophilic character of the binding site is also favored
by the fact that there is some interaction between the coenzyme analogues
nicotinamide-ribofuranosyl-[-w-(adenine-9-yl)-n-alkyl] pyrophosphates with
dehydrogenases®*

NH,
NN

BN ﬁ
N Il\I /O POﬁOCg_{i?;

H;—(CH,;), 0 O

HO OH
Fig. 16 n=1,2,3,4

By using aliphatic chains of different lengths, it is possible to vary the distance
between the pyrophosphate part and the adenme ring. Such analogues exhibit
a smaller hypochromic effect than does NAD®, but this nevertheless indicates
that the analogues have a stacked conformatlon While there is no strict correla-
tion between the hypochromic effect and the chain length of the aliphatic
groups, the hypochromic effects move in a similar way to the melting points

of aliphatic hydrocarbons of different chain lengths:
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derivatives with buty! and ethyl chains exhibit a higher hypochromic effect
than the propyl and pentyl derivatives. The fluorescence excitation spectrum
complexes between the oxidized or reduced forms of these analogues with de-
hydrogenases resemble those of NAD® and NADH enzyme complexes. The
stability of the complexes decreases as the chain length of the aliphatic hydro-
carbon residues increases>®

The ethyl and butyl derivatives form comparatively stable binary complexes.
The cocatalytic activity of these derivatives differs in different dehydrogenase
systems (Table 4). Their reactivity in oxidized or reduced form with lactate,

Table 4, Coenzyme properties of analogues with different aliphatic hydrocarbon chains

Enzymes L-ADH 3 Y-ADH 3 LDH

Length of the chain Ky x 10 Vimax KM x 107 Vmax Kmx 10° Vmax
Ethyl n=1) 3 40 20 300 5 30
Propyl (n=2) 10 350 50 2000 10 150
Butyl n=3) 10 700 30 8000 6 200
Pentyl (n=4) 10 3000 50 8000 10 100
Dihydroforms

Ethyl n=1) 3 3000 1 2000 3 4000
Propyl (m=2) 2 5000 4 2000 2 5000
Butyl (n=3) 1 16000 3 4000 1 _12000
Pentyl (n=4) 1 110600 2 4000 2 12000
NADH 0.008 4000 0.05 150000 0.01 140000

malate, and alcohol dehydrogenase of yeast is very slight compared with that
of NAD® or NADH. In the alcohol dehydrogenase system of liver we observed
high Kys, but the Vi,ays were extremely high except in the case of the ethy!l
derivative.

The substitution of ribose by other sugars on the functional nicotinamide
site causes an abrupt change in the redox potent1a135 which in turn influences
cocatalytic behavior. The substitution of ribose by glucose in the functional
part of the molecule causes a strong withdrawal of electrons from the pyridine
ring, and this gives a more positive redox potent1a1 than with NAD®. This deri-
vative does not exhibit any coenzyme activity3®). The substitution of ribose by
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a pentamethylene residue gives rise to a derivative with a more negative redox
potential than NAD®37). Dihydronicotinamide-pentamethylene-adenosine
pyrophosphate is weakly active as a hydrogen donor in enzymatic tests. The
nicotinamide-2’,3"-didesoxyribofuranosyl-adenosine pyrophosphate and its
dihydro form have some cocatalytic activity, but it is less than that of NAD®
or NADH*®

It seems, therefore, that the hydroxyl groupsof ribose not only contribute to
the fixation of the nicotinamide moiety to the active center, but also play an
important role in the interaction of nicotinamide with the protein residues
leading to its activation. The acetylation of the hydroxyl groups of the ribose
of nicotinamide riboside shifts its redox potential toward the positive side3%.
The acetylpyndmmm -adenine dinucleotide has a different structure from
NAD®. The acid amide group in position 3 of the pyridine ring has been
replaced by a methyl keto residue. This derivative has a redox potential of
—257 mV against —317 mV of NAD. The substitution of ribose by an aliphatic
group shifts the potential of the acetylpyridinio-alkyl analogues toward the
negative side. One can therefore expect this derivative to have coenzyme activity
in oxidized as well as reduced forms. The redox potential of 3-acetyl-pyridinio-
n-alkyl phosphate was found to be —320 mV.

The distance between the functional acetylpyridine ring and the pyro-
phosphate moiety can be varied by introducing aliphatic groups of different
chain length (Fig. 18). The ethyl derivative and its dihydro form do not

NH, 0

I
NA >SN x-C
2 o
“Ny~~N  CH, OPOPOCHZ N/

N
L o J (CHZ )n

Fig. 18 n=1,2,3

=0
=—0

exhibit any coenzyme activity. The propyl derivative does not function as
hydrogen acceptor but its dihydro form, prepared chemically by hyposulfite
treatment™*®) , acts as hydrogen donor. The introduction of a tetramethylene
residue between the acetylpyridine ring and the pyrophosphate moiety gives
a derivative that which serves both as a hydrogen acceptor and, in its dihydro
form, as hydrogen donor™!

5. Modification of Amino-acids at the Active Center

The chemical modifications of cysteine sulfhydryl, histidine imidazole and
arginine residues in lactate dehydrogenase lead to a total loss of enzymatic
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activity*? % 50-53) Tpe catalytic activities of alcohol dehydrogenase and
glyceraldehyde-3-phosphate dehydrogenase depend on cysteine sulfhydryl
groups*® 4% 46, 54) 1y the case of glutamate dehydrogenase, lysine*” is
required for catalytic activity, whereas malate dehydrogenase requires methio-
nine*®) and histidine imidazole*®.

The treatment of methyl ketones with bromine or chlorine in acidic
aqueous medium in the presence of visible light leads to the formation of halo-
gen methyl ketones (Fig. 19). Since some of our coenzyme analogues had

s}
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H 3 I \> 00 2 ] \NH
. 2
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BrCH, \+1 BrCH, \i'l] % |
| I |
CHZ CH2 CHZ
| | !
CH, CH, CH,
l l '
CH, CH, CH,
! I '
ADP CH, ADP
_ |
Fig. 19 ADP

methyl ketone groups, this reaction was used to convert the analogues to
bromoacetylpyridinio derivatives. The monophosphates of acetylpyridinio
derivatives were found to react fast and quantitatively without any degradation
to give the bromoacetyl compounds. The 3-bromoacetylpyridinioadenine
dinucleotide could not prepared by direct bromination of the coenzyme ana-
logue. From the reaction mixture we isolated 3-bromoacetylpyridine and
adenosine diphosphate ribose. Both derivatives are strong inhibitors of dehydro-
genases*3: 55), The synthesis of 3-chloroacetylpyridinio-adenine dinucleotide
an inactivator of dehydrogenases has been described by Biellmann®® . West-
heimer®” has described the synthesis of 3-diazoacetoxymethylpyridinio-ade-
nine dinucleotide which, on irradiation with visible light inactivates dehydro-
genases. This is due to the formation of a covalent bond between the derivative
and some part of the enzyme. The 3-diazopyridinio-adenine dinucleotide has
been reported by Anderson®® and Hixson59) to be an inactivator of dehydro-
genases.
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The coenzyme analogue [3-(3-acetylpyridinio)-propyl]-adenosine pyro-
phosphate and nicotinamide-5-acetyl-4-methylimidazole dinucleotide were
converted to their bromoacetyl derivatives, which are known to inactivate a
number of dehydrogenasesé9—62), Nicotinamide-S-bromoacetyl-4-methyl-
imidazole dinucleotide inactivates alcohol dehydrogenase of liver. If the inac-
tivation is carried out in presence of ethanol, this analogue is incorporated into
the enzyme protein in its dihydro form*D. Similarly, [4-(3-bromoacetylpyri-
dinio)-butyl}-adenosine pyrophosphate could be incorporated in the enzyme
protein in its dihydro form in presence of the substrate. The inactivating
properties of various coenzyme analogues are shown in Table. 5.

Table 5. Inactivation behavior of various analogues

Enzyme L-ADH Y-ADH MDH, MDH,, LDH GAPDH
Nicotinamide-{5-bromo-

acetyl-4-methylimidazol] + + + - - +
dinucleotide

[3-(3-Bromoacetyl-

pyridinio)-propyl}-adeno- — + - - - +

sine pyrophosphate
[3-(4-Bromoacetylpyri-

dinio)-propylJ-adenosine + + - - + +
pyrophosphate

{4-(3-Bromoacetylpyridi-

nio)-butyl Fadenosine + + - - - +
pyrophosphate

The enzymatic activity of glyceraldehyde-3-phosphate dehydrogenase and
alcohol dehydrogenase from yeast is inhibited in the presence of most of these
coenzyme analogues. The mechanism of inactivation was studied in detail.
After incorporation of [3-(3-bromoacetylpyridinio)-propyl] adenosine pyro-
phosphate in dehydrogenases, the covalently bound coenzyme can be convert-
ed to its dihydro form by treatment with hyposulfite63). Studies on the
fluorescence spectra of the coenzyme—enzyme derivatives showed a decrease
in protein fluorescence at 340 nm after irradiation at 280 nm. The excitation
spectrum has an energy-transfer peak at 280 nm. The optical properties of the
coenzyme—enzyme derivatives are similar to those expected for the reversible
binary complexes. The complexes of nonbrominated coenzyme analogues and
dehydrogenases exhibit high dissociation constants, and the optical properties
of these complexes are not as distinct as those of the inactivated enzymes and
the natural binary complexes.

Glyceraldehyde-3-phosphate dehydrogenase is completely inactivated by
[3-(3-bromoacetylpyridinio)-propyl]-adenosine pyrophosphate. The dihydro
form, obtained by treatment with hyposulfite, does not increase the coenzyme
fluorescence, nor does formation of the NADH-glyceraldehyde-3-phosphate
dehydrogenase complex. If we assume that the inactivator first forms a rever-
sible complex with the enzyme and then by formation of a covalent bond gives
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rise to an enzyme—coenzyme derivative, we can expect a relation analogous
to the Michaelis-Menten equation®®:

Ky ky
E+]==[E..[—>E— L

The inactivation constants K are of the same magnitude as the dissociation
“constants of the binary enzyme complexes measured with the nonbrominated
analogue. The fact that the inactivator binds at the coenzyme binding site of
the enzyme is shown by the slow reaction rate in presence of NAD® or NADH;
furthermore, the optical properties of the inactivated enzymes are similar to
those of the reversible complexes. The covalent binding of the coenzyme ana-
logue to the enzyme resembles the binding of the natural coenzyme. Thus it
seems that covalent binding does not change the conformation of protein.
Where dissociable protein residues are involved in the inactivation reaction
information on the pK values of the relevant residues can be obtained by
studying the pH dependence of the inactivation kinetics. The method is limi-
ted, however, because at pH 8 and above the inactivators are quickly hydrolyzed,
whereas the dehydrogenases show some denaturation at pH S and below. We
found that up to pH 5.7 [3-(3-bromoacetylpyridinio)-propyl]-adenosine pyrophos-
phate inactivates the alcohol dehydrogenase from yeast slowly but at a con-
stant rate; at higher pH values the speed of inactivation increases. Since the
turning point in the curve lies at pH 6.4, the inactivation must involve a group
with this pK value. With the isomer [3-(4-bromoacetylpyridinio)-propyll-adeno-
sine pyrophosphate, one finds no change in the speed of inactivation between
pH S and pH 8; however, an increase is seen at alkaline pH with nicotinamide-
5-bromoacetyl-4-methylimidazole dinucleotide. The speed of inactivation of
glyceraldehyde-3-phosphate dehydrogenase with [3-(3-bromoacetylpyridinio)-
propyl]j-adenosine pyrophosphate does increase in both a weakly acidic and

an alkaline medium.

In order to study the incorporation of these derivatives into dehydro-
genases, we have labeled [3-(3-bromoacetylpyridinio)-propyl}-adenosine pyro-
phosphate and [3-(4-bromoacetylpyridinio)-propyl]-adenosine pyrophosphate
with 1*C in the acetyl moiety®®). The incorporation of 4.8 moles of inactiva-
tor per mole of the tetrameric enzyme, alcohol dehydrogenase from yeast,
causes total loss of its enzymatic activity. In the presence of NAD®, incorpora-
tion of 0.8 moles inactivator per mole enzyme occured; however, the incorpo-
ration of such a large amount of inactivator did not cause any significant inhibi-
tion of the enzymatic activity. In the case of glyceraldehyde-3-phosphate dehydro-
genase, the incorporation of two moles of inactivator per mole of tetrameric
rabbit muscle enzyme caused complete loss of enzymatic activity (Fig. 20).
Probably only two of the four NAD-binding sites are occupied by the inactiva-
tor, yet reactivation of the enzyme is not possible. Equilibrium dialysis with
14C.]abeled NAD® shows that the enzyme still binds two moles of NAD®. The
inactive enzyme possesses the same properties as the original enzyme: hybrid
bonds between yeast enzyme and rabbit-muscle enzyme after inactivation were
not different from those with the native enzymes.
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Fig. 20. Incorporation of 14C-labeled [3-(3-bromoacetylpyridinio)-propyl]—adenosine
pyrophosphate into alcohol dehydrogenase from yeast (®) and glyceraldehyde-3-phos-
phate dehydrogenase (l).66) Abs.: U mole inactivator/it mole enzyme

The bond between the pyridine ring and the modified amino acid is not
stable. The compounds which are prepared from 3-bromoacetylpyridine and
amino acid disintegrate spontaneously into nicotinic acid*®. Carboxymethyl
derivatives of amino acids can be prepared from coenzyme—enzyme deriva-
tives by careful oxidation with hydrogen peroxide. (Fig. 21).
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Inactivation of alcohol dehydrogenase from yeast with 14C.Jabeled [34(3-
bromoacetylpyridinio)-propyl]-adenosine pyrophosphate followed by oxidation
showed the presence of 1-carboxymethyl histidine®®). After inactivation of the
enzyme with labeled [3-(4-bromoacetylpyridinio)-propyl}-adenosine pyro-
phosphate followed by oxidation, S-carboxymethyl cysteine was identified in
the protein. In the case of glyceraldehyde-3-phosphate dehydrogenase, treat-
ment with either coenzyme analogue leads to the modification of the cysteine
residue. Treatment with [14C]nicotinamide-5-bromo-4—methy1imjdazole di-
nucleotide did not reveal any modified amino-acid-residues. The labeled nicotin-
amide residue split off during the recovery of the inactivated enzyme. Attempts
to synthesize an inactivator labeled with a 14C-acetyl residue did not give satis-
factory yields. If the enzyme—coenzyme derivative was treated with tritiated
sodium boron hydride, tritium could be introduced (Fig. 22). Studies with

I
H,¢ O Protein H,C (I)I E’rotein
I/
~—C—CH, .~ C—CH,
‘¥)\\T_ NaBT,
A 25 (=N
Fig. 22 R "

3H-labeled model compounds prepared from the inactivator and N-acetylamino
acids showed that only histidine and cysteine were labeled in the protein.

6. Conclusion

Synthetic coenzyme analogues have proved useful in elucidating the chemical
and physical nature of the active center in dehydrogenases involved in com-
plex formation. The various structural entities of the coenzyme molecule have
different and specific binding sites that interact quite specifically with the
amino acid residues of the enzyme.

Interactions between enzymes and synthetic coenzyme analogues induce
specific changes in fluorescence, spectral absorption, and dissociation con-
stants. These changes in physical properties reflect the cocatalytic activity of
the coenzyme analogues. Thus, complexes between coenzyme analogues and
enzymes may in some cases display greater enzymatic activity than complexes
between the natural coenzyme and enzymes. In most cases, however, com-
plexes of coenzyme analogues have less activity than normal complexes.

The insertion of reactive groups into the coenzyme analogues modifies
the composition of the amino acids involved in the binding and activation of
the coenzyme. The covalently bound coenzyme analogue under these condi-
tions shows no catalytic activity, but its optical properties are similar to those
of the reversible complexes of NAD® or NADH with the enzyme.
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