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INTRODUCTION

A. BStatement of Problem

Ideally, the worker in the field of cancer research should be
aware of the known causes of cancer. Similarly, he should under-
stand the strong points and the valid criticisms of each theory of
carcinogenesis. Thirdly, he should decide upon the type of cancer
research he wishes to undertske. Some research contributes to the
knowledge of what is the initial event in carcinogenesis; other
research helps clinicians in the treatment of cancers.

The problem of the initial events leading to carcinogenesis is
the underlying question in this thesis. A new technic, low-temperature
electron spin resonance (ESR) spectroscopy, was used in looking at

normal and neoplastic biological material.

B. Causes of Cancer

Ultraviolet and ionizing irrediation are accepted as factors

which may cause cancer. The incidence of cancers and leukemiss in

Japanese who were exposed to the etomlc bomb has been markedly in-



creased. Early radiologists were found to have a higher incidence of
tumors. Cancer of the tongue developed in many radium~-dial painter:c
who licked their brushes. The clinician is aware of increased squa-
mous cell carcinoms in the weather-beaten skin of aailors and farmers.

Chemicals have been known to cause cancer since Pott described
cancer of the scrotum in chimney sweeps some 200 years ago. In the
industry of certain chemical dyes, as high as 11% of 4the workers in
some British factories developed bladder cencer. Excessive doses of
arsenic, selenium, iron (120) and other metals are known to cause a
higher incidence of cancer, so that a theory of carcinogenesis on the
basis of metal chelation with cellular constituents has been pro-
posed (47). The recent proof of a cause~and-effect relationsihip be-
tween heavy cigaretie smoking and epithelial lung cancer has emphas-
ized the importance of chemical carcinogens. The theory of chemical
carcinogenesis will be discussed later.

Tumorigenesis and tumor growth influenced by hormones have been
seen clinicelly as well as experimentally. Some tumors seem to
originate because of sustained, excessive hormonal stimulation (e.g.,
high levels of estrogen causing adenomatous hyperplasia, uterine
carcinoma or breast cancer), while individual endocrine tumors may
regress, disappesar, or 5e enhanced on administration of hormones.
Adrenal corticosteroids may proﬁote the growth of some cancers, while
steroids sometimes cause remissions in acute leukemia.

Poor hygiene and chronic infection are superficially accepted as

causes of cancer. Absence of cancer of the cervix in nuns, increased



incidence of bladder cancer in schistosomiasis, and cancer of the
penis only in the uncircumcised are all well-documented observationu.
Physical faectors such as tirauma and mechanical irritation should also
be considered; cancer of the lip in pips smokers and cancer of the
mouth in patients with ill-fitting dentures are itwo good examples.

Present knowledge of oncogenic viruses in animals suggests that
human cancer may be initiated or promoted by viruses or viral-like
particles. A sirong correlation between an African mosquito-borne
virus and human malignant lymphoma suggests that viruses may be
imporiant in the causation of cancer. The theory of viral carcino-
genesis will be discussed later.

"Embryonic rests" is a descriptive classification linked with
embryologic tumors such as hepatic or renal embryoma, neuroblastoma
and Wilm's tumor. MNalignancy arising in "aberrant embryologic tissue'
is no doubt explainable at a more fundamental level.

Cancer incidence is certainly influenced by genetic factors;
certain types of cancer are more predominant in specific families or
in certain races. Epidemiologic studies demonstrate geographic and
national tendencies which inflﬁence the incidence of cancer. In any
population study, too, one finds the incidence of any type of cancer
subject to statistical distribution. Thus, the cancer research worker
is faced with the dilemma: "a plethora of causes and an unpredictabil-
ity of responses. Where do we go from here?" (151)

Among meny scientists there is increasing agreement that malig-

nant tumors arise and progress in stepwise fashion. Pathologists long



ago described microscopic changes in tissue undergoing malignant
induction as a "field defect,” and descriptive terms connoting the
degree of irreversibility were metaplasia, dysplasia, anaplasia and
neoplasia. Cancer research workers now generally agree on the stages
of cancer development as: (a) initiation, which activates a normal
cell to a precancerous cell, (b) sromotion, whiqh advances & pre-
cancerous cell to a dependent cancer cell, and (¢) progression, which
causes the cancer cell to become autonomous by further action of
"initiators" and "promoters" (15,45,48,113,122,131,141). This concept
of co-carcinogenesis suggests a complex etiology; two or more causa-
tive agenis may act synergistically to initiate and promote malignarcy.
Co-carcinogenesis still leaves some important questions unanswer-
ed, however. In terms of molecular biology, what is the irreversible
initial event in carcinogenesis, and what are the steps leading to
this primary event? Cnce understood, can these steps leading to the

irreversible event be prevented?

C. Prominent theories of carcinogenesis

The theories of cancer etiology all sgree that an alteration in
genetic Information occurs during the cell's irreversible malignant
transformation. Why does the cancer cell stop obeying one or more of
the "rules" which the normal cell unerringly follows? The "control

mechanisms" in the normal cell. have somehow changed in the neoplastic



cell, as evidenced by uncontrolled groﬁth. The many theories of
carcinogenesis attempt to explain how normal cellular functions have
been altered.

The school of viral carcinogenesis contends that latent viral
nucleic acid in a memmalian cell may be the cause of later neoplastic
changes-~similar to the symbiotic relationship of lysogenic bacterio-

phage in bacteria (5,131). The large Herpes symplex virus is a clini-

cal example of a latent virus which may be activated by a number of
agents such as emotional stress, heat or ultraviolet irradiation to
form vesicular eruptions. Disappearance of virus from neoplastic
cells previously induced by virus, and without trace of infective
nucleic acid, suggests some type of "masking" phenomenon (50, 134,139).
Another possibility is that the viral nucleic acid may be so well
integrated with the cell's nucleic acid that from our present experi-
mental methods of detection we can only conclude that the virus is
"masked." Perhaps no further influence of the virus is required to
maintain the cell in its neoplastic state, because the virus has truly
induced a somatic mutation.

Recent electron microscopy of cells from the Shope fibroma in
rabbits, induced by the oncogenic Boerlage virus strain, has shown
earliest changes occurring in the endoplasmic reticulum (17). This
virus is an intracytoplasmic DNA-containing pox~virus and causes self-
limiting subcutaneous fibromate in the wild rabbit and squirrel, and
a fatal "infectious myxomatosis" in the domestic rabbit. Here arises

the question of defining our terms: in causing a self-limited benign



tumor which may be only a hyperplasia of fibroblasts rather than a
true "cancer," cen the virus be truly called oncogenic? Proliferat’on
of cells may be defined as tumorigenesis, and viruses which enhance
the rate of cellular growth should be called tumbrigenic or oncogenic.
‘Cancer" should be defined as irrsversible cellular proliferation,
with the capacity for metastasis and seeding, where this property of

invasiveness statistically shortens the hosil's life span. Thus, onco-

genesis need not always coincide with carcinogenesis. At any rate,
the initial change effected by the invading virus was intracytoplasmic
and, more important in relastion to this thesis; occurred in the endo-
plasmic reticulum.

dnother closely related theory of carcinogenesis suggests an
"infectious," or growth-promoting, humoral substance. Two antagonistic
substances, a promoter designated "promine" and a growth-retarding
hormone "retine," have been found in thymus, aorta, muscle and tendon
(136). These humoral agents have been roughly separated, in spite of
similar solubilities in the solvents used for their extraction. "Pro-
mine" does not seem to induce malignancy by iteelf, but does make
cancer cells grow faster, while "retine" tends to stop cancer cells'
growth, causing tumors to actually regress. The value of the ratio
between these two substances in any given tissue is postulated to be
significant (136). Other workers have transplanted tumors of male
birds into female birds, using the sex chromosome as a marker to dig-
tinguish the cells of the transplant from those of the host (108).

Although the transplanted tumors grew and spread, &ll the new cancer



cells belonged to the host and none were derived from the transplant.
This cancer-producing stimulation was therefore interpreted as due io
viruses from the implanted tissues, or at least a filterable agent
spreading into healthy cells of the host (108).

The immunological theory of Green contends that the etiology of
cancer is due to loss of tissue~specific antigens, which are probably
lipo-proteins located in the endoplasmic reticulum (56). Through
mutation of unspecified cause, a genetic loss is equated to an anti-
genic loss in the cancer cell. The presence of antigens in nearby
normal cells becomes "information" which is now "recognized" as
"foreign" by the neoplastic cell. The antigen-deficient cells thus
respond by reacting in the way in which normal lymphoid tissue reacts
when confronted by a foreign antigen--production of antibodies against
the tissue-specific antigens of nearby normal cells. The resulting
(a) toxic effect on normal tissues, and (b) excessive selective
growth of one abnormal clone or csll type, constitutes the phenomenon
described as cancer (56,116,151). Electron microscopy of rat liver
undergoing malignant induction by a carcinogenic dye in the diet (43,
109) demonstrated that the chemicals were bound firat by the endoplas-
mic reticulum and soluble cell fraction; Green felt this evidence
supported his immunological theory (56). His attempts to unify viral
and chemical etiologic theories have little experimental support,
however. For example, if & virus propagates in its nucleic acid form,
(lacking its antigénic coat), it would neither elicit nor be affected

by antibody (131). |



There has been an attempt to unify ell current theories of neo-
plasia on the basis of loss of regulatory controls of cell division
(98). In addition to secondary control factors such as hormonal,
nutritional and physiecal agents in the cell's microénvifonmant, Osgoocd
feels' that normal cell growith is regulated by a pair of specific fead-
back inhibiters, which are elaborated by the cell destined to differ-
entiate, and which act upon the cell capable of division. He has
postulated two types of daughter cells: (a) " o(-cells" which remaia
immature and hence retain the ability to divide again, and (b) "n-
cells" which differentiate and die, and which produce inhibitors that
regulate ot-cell division rates. Therefore, any scmatic change in
the ™~-cell resulting in early death of the corresponding n-cell leads
to loss of inhibitor, resulting in uncontrolled, logarithmic neo- |
plastic growth of the of{-cells. Osgood contends that regeneration
following.removal of part of an organ is explained by a temporary de-
crease in inhibitor production. Imbryonic tissues perhaps become
malignant because of lack of sufficient inhibitor. Chemicals and
viruses presumably effect the necessary "somatic genetic change" (98)
whereby n-cell death occurs early and oK-cell proliferation results.

One objection to Osgocd’s theory was experimental data by Lather
and others demonstrating that the generation time of the more immature
leukemic cells is prolonged rather than shortened (99), as measured by
an index of mitosis. IHowever, this criticism was disputed by Osgood,
and leukemic leukocytes of the more immature cell type have been shown

by DKA-incorporated radioactive phosphorus studies to probably have a



shorter survival time and actually an increased mitotic rate (100).
The occasional successful transplantation of a malignant tumor with a
single cell is another experimental observation difficult to explain
by Osgood's theory. In individuals with erythroid hyperplasia (eeg.,
a marked acceleration in red cell turnover such as long-stending
hemolytic anemia or congenitel spherocytosis), an erythroleukemia
never develops--another well-known fact contradicting Osgood's unify-
ing concept. The isolation of the "regulator" or “"inhibitor" sub-
stance would prove this theory (98), but thus far no one has succeeded.
The Warburg hypothesis of respiratory impairment as the etiologic
basis of cancer (142,143) has been controversial for years (58,70,111,
146,147,148); recently Warburg's postulate has been experimentally
disproved (37,113). Warburg steted that the transformation from aero-
bic to anaerobic energy production in the cell is the cause of cancer.
After an irreversible injury to the normal cell's respiratory mechan-
isms, the normal cell adopts an anaerobic metabolism in order to sur-
vive, and this change is the malignant transformation. Because of the
strong stand teken by Warburg, many studies of cellular metabolism
have elucidated many metabolic pathways of the normel and neoplastic
cell. However, the hypothesis that anaerobic glycolysis is a defect
observed in all cencers has been shown not to be the case in the
Morris "minimal deviation" hepatoma (2,37,113). The "minimal devia-
tion" hepatoma refers to a class of transplantable rat hepatomas pro-
duced with very weak carcinogens (84,112). Thus, the "minimal devia-

tion" hepatomas represent standardized transplantable enimal cancers
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in early stages of tumor progression.

Warburg's ideas on the significance of anaerobic glycolysis in
all cancers must therefore be modified (2,117). The earliest stages
of carcinogenesis more likely do not involve conversions to anaercbic
glycolysis, but rather by natural selection in the Darwinian sense
under partially anaerobic conditions, these neoplastic cells emerge
with the secondary change of increased anaeroble glycolysis (115). In
this regard, the type of lactate dehydrogenase tetramer associated
with anaerobic tissues has been reported to be quantitatively in-
creased by immunoelectrophoresis in tumor whole~tissue homogenates (52).
This observation also suggests an emerging secondary change in cancer,
in which the neoplastic cell is outgrowing its blood supply; due to
the decreased oxygen partial pressure of the tissue, the tumor cell
adapts to its more anaerobic environment by natural selection in the
Derwinian sense.

As early as univalent oxidation-reduction mechanisms in the cell
were postulated (79), free radicals have been implicated in the
etiology of cancer (j6,25,69,101). Because x-irradiation and radio-
ective isotopes,‘which sometimes slleviate cancer, cause free radical
formation, Park suggested (101) that these therapeutic agents act by
pairing, and thus cancelling, the unpaired electrons of the tumor.
With the advent of newer and milder alkylating agenis and antimetabo-
lites which repress some types of cancer, however, this hypothesis was
shown to be wrong. Perirenal sarcomas in rats and mice caused by

wrapping the kidneys with certain plastic films was concluded to be
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most likely a free radical mechenism (44,94,95,96). "Active centers”
capable of binding proteins or other tissue components might conse-
guently impair the metabolism of adjacent cells, resulting in neo-
plastic transformation (96}. Relatively "free" electrons in synthetic
plestic or protein polymers end sreas of "high electron density" in
carcinogens might supply the activation energy essential for carcino-
genesis (85), and this concept is an attractive hypothesis.

The theory of chemical carcinogenesis is in agreement with most
of the other previously discussed hypotheses. It is axiomatic in
considering the mechanism of action of chemical carcinogens that the
carcinogen, or its metabolite, must somehow interact with cellular
constituents.

The microsomal fraction is that form of the endoplasmic reticulum
isolated by homogenization of cells followed by differential centrifu-
gation (14,60). Proteins of the microsomes and supernatant fractions
bind considerably more carcinogenic dye than the proteins of the nuclei
and mitoéhondria (80); this has been confirmed by electron microscopic
studies (4%,109). In hepatomas induced by carcinogenic dyes, there is
an apparent loss of the cytoplasmic "h" proteins, a group of relatively
basic proteins which takes up most of the protein-bound dye; this ob-
servation has been interpreted as the deletion of specific proteins as
a consequence of their interacticn with the carcinogen (129,130). The
nature of the protein-bound dyes has now been partially explained.
Data from liver protein (81) and from mouse skin protein (10,11,30)

have shown that the protein binds the dye at a region of "high electron
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density" of the carcinogens. Thus, the free radical mechanism pre-
viously mentioned must be kept in mind.

In contrast to the abundant experimental observations indiceting
that various carcinogens bind to microsomal and cytoplasmic proteins,
data on nucleic acid binding are incomplete. While some workers have
reported evidence for the more atiractive theory of nucleic acid-bound
carcinogens (3,63), others have convincingly pointed out by isotope
and electron microscopic studies *that nucleic acid-~bound dyes could
not account for more than 5% of the total protein-bound moiety (43,109,
130)., The initial event of carcinogenesis, however, mey involve only
a very few molecules of carcinogen and a crucial component of DNA, FiA
or protein. In such a case, the single event could not be feasibly
detected, and the large-scale conjugation of microsomal and cytoplae-
mic protein may or may not be an important observation.

Therefore, the seemingly irreversible malignant transformation of
a cell could occur in two general weys: (a) entrance of genetic in-
formation into the cell (the basis of the viral theory of carcino-
genesis), or (b) an inheritable change occurring as a result of an in-
herent instability within the céll. This latter mechanism could be

termed a somatic mutation, and the means by which this change in the

cell's control system takes place must be explained in any plausible
theory of carcinogenesis.i The recent advances made in biochemical
genetics indicate that basic alterations in either or both DNA and RNA
molecuies occur in the process of carcinogenesis. Since alterations

of microsomal and cytoplasmic proteins alsoc seem to occur, such
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"information® from protein molecules could be stored and then trans-
mitted to the nucleoprotein level in what is termed "eytoplasmic
inheritance" (68,70,77,123,124,125,128). This idea, that cytoplasmic
protein is altered, seems the most comprehensive in describing the
events leading to cancer. Infective viral nucleic acid, immunological
changes, and somatic mutations ares all theoretical mechanisms for
carcinogenesis which may be explained by assuming Yinformation" is
received from the cell's environment by way of the cytoplasm.
Nonchromosomal determinants are presumably cytoplasmic genetic
factors which cannot be located on a chromosome. Such inheritance,

called nonmapability, has been churacterized in about 100 reported

instances (125). Examples include the killer trait keppa in Para-

mecium (128), the iojap gene affesting male-sterility in meize (77),

and streptomycin resistance in Chlamydomonas (123,124). Whether these

entities of genetic information are infectious particles, cytoplasmic
chromosomes or specialized structural proteins, is presently not well
understood. Recent strong evidence (124) supporis the postulate that

the nonchromosomal determinents in Chlamydomones are carriers of pri-

mary genetic information. These experimeants demonstrating stability
and retention of identity of the nonchromosomal genes in the face of
cell division have fairly well excluded the alternative hypothesig-—-
that nonchromosomel heredity merely reflects the existence of various
cytoplasmic states which alter the expression of chromosomal genes.
Cne of the early theories that cytoplasmic inheritance plays a

large role in the etiology of cancer was proposed by Woods and duBuy,
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who felt that mitochondria in mutant states could become the continu-
ing cause of neoplasia characterized by distinctive changes in cellu-
lar enzymatic activities (35). The mitochondrial hereditary system,
designated chondriogenes, weas invcstigated chiefly in higher plants
where mutant mitochondria differentiate into plastids with character-
istic abnormslities. While the extranuclear hereditary nature of
plastids has been accepted by meny investligators (149), the possibili-
iy has been suggested (119) that cases of so-called plastid mutation
may actually be related to a permenently altered cytoplasmic condition
in which normal plastid growth is impossible. Woods and duBuy demon- -
strated that meny distinct forms of mutant mitochondria can be recog-
nized in the cells of higher plants and that some of these abnormal
derivatives were causing merked derangements in cellular growth and
function--constituting a form of distinct malignancy. By introducing
abnormal mitochondria into a certein cell and removing the mutant
mitochondria by allowing them to segregate out in clonal multiplication,
the authors demonstrated the disecse sympioms to be directly related
to the presence of these abnormal chondriogenes in the cell. The
presence of a homozygous recessive chromosomal gene was associated with
& much higher expression of chondriogene mutation. The authors felt
they had fulfilled Koch's postulates in showing that this form of plant
neoplasm was caused by the aberrart mutation of cytoplasmic mitochon-
dria and promoted by the chromosoral genetic constitution (149).

One can postulate several indirect methods by which altered pro-

teins may lead to heritable changes in nucleic acids. A considerable
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smount of cytoplasmic protein is involved in the spindle formation
during cellular division. ibnormal mitoses, & coumon phenomenon in
neoplastic cells (62), could be due to faulty cytoplasmic protein
structure or function. Altered protein may store and transmit dis-
torted "information" to which the genetic center of the cell may re-
spond by deletion of cellular molecules, or by abnormal growih.
Nucleic acid, normally protectively encased by protein, may be attack-
ed and altered or destroyed if the protective protein coat has been
changed in some way. Immunological differences between tumor cells
end their normal counterparts could also be produced by alterations in
proteins (31,56). The initial event leading to malignency may of
course be a somatic mutation, but it might also be produced by "Lhe
transient action of an agent capable of complexing or inactivating
temporarily a genetic locus, or a repressor, involved in the control
of multiplication. It is clear that a wide variety of agents, from
viruses to carcinogenes, might be responsible for such an initial
event” (83).

The close relationship of cytoplasmic protein and its effects on
regulation of gene funetion has brought about a flourish of activiity
among workers in biochemical genetics. During recent years the "one
gene-one enzyme" hypothesis has become more precise. It is well lmown
that a deoxynucleotide sequence which constitutes a gene can partici-
pate in two distinct chemical processes: (a) homocatalysis, or repli-
cation, where the DNA molecule forms a sequence identical to the

original, end (b) heterocatalysis, or transcription, where the gene is
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able to specify a certain polypeptide chain via the unstable inter-
mediate messenger~RNA and the proiein-synthesizing ribosomes associcted
with the endoplasmic reticulum. “Information” via the cytoplasm may
affect the cell's genetic conirols by ény one of three well-known
processes which appear to be widely different physiologically. Care-

ful analysis of immunity, induction and repression, however, points to

e common basic mechanism operating in all three systems.

When a bacterium is infected with a virus, usually viral nucleic
ecid and proteins are formed by the cell, and the cell is destroyed
with release of new infective wvirus. However,vif the viral nucleic
acid is carried in the prophage state (lysogeny), the viral genes of
the prophage replicate at the pacs of the bacterial chromosomes, and
viral proteins are not formed. If such a lysogenic bacterium is in-
fected with bacteriophage of the same strain as that of the prophage,
the viral genetic material enters the cell, but no viral nucleic acid
or proteins are formed; this phenomenon, in wbich the "information"
entering the bacterium does not appear to be "recognized" by the cell,
ie called immunity (66). 4s a result of ultraviolet, x-irradiation or
certain chemical mutagens, howeﬁer, the bacterium will respond to the
viral nucleic acid "informetion" by producing infective viral parti-
cles; most chemical carcinogens apparently do not possess the activa-
tion energy necessary for re-exprsssion of bacterial viruses. The
mechanism by which a cell is temporarily immune to certain "informa-
tion" is not understood. Possible explanations for immunity would be:

(a) a genetic locus has been chemically altered, or (b) protein is
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covering up a specific gene on the DN& helix. Perhaps the activation
energy of irradiation and of mutegens changes the genetic locus, or
uncovers the protein encasement, again allowing genic expression.

When bacteria are grown in the absence of a galactoside, only
traces of /?—galactosidase are found in the cells. If a galaclosid:
is added to the medium, the bacterial synthesis of this enzyme in-
creases by about 10,000-fold. This mechanism has been called induc-
tion, or derepression. The phencmenon is specific in that only
enzymes concerned with the utilization of that specific substrate
added to the environment are induced to high levels of activity (& s

The other form of bacterial adaptation is known as repression.
A tryptophan-requiring bacterium, for example, synthesizes tryptophan
when this essential amino acid is not present in the medium. If
tryptophan is added to the environment, however, this "information" is
somehow registered at the genstic level and tryptophan-synthesizing
enzymes are promptly turned off--until such time as the external
supply becomes exhausted. This extremely specific mechanism involves
only the enzymes involved in the utilization of that substrate edded
to the environment; in the case of tryptophan-synthesizing enzymes,
only 4ryptophan or its analogs can exert thié effect of repression
(68).

The similarity of these regulation systems in bacteria to the
fundamental aspects of carcinogenssis lies in the fact that "informa-
tion" via the cytoplasm can determine the rate of transcription of

specific structural genes and hence can determine the destiny of that
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FIGURE i. The genmeral Jacob-lonod model for the regulation of enzyme
synthesis (68). A regulator gene produccs a cytoplasmic repressor
molecule, which associates reversibly with a specific operator gene,
which in turn coordinates a unit of primary transcription--the operon.
Presence of the effector (such as galactoside) inactivates the re-~
pressor, allowing transcription of polypeptides (formation of /3-
galactosidase) to take place. In repressible systems, only the modi-

fied repressor is active, and transcription of the operon is therefore

prevented.
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cell. The mechanism, as illustrated in Figure 1, which explains regu~
lation of gene activity, involves a system of transmitters (regulatcr
genes) and receivers (operator genes) of specific cytoplasmic signals
in the form of repressor molecules (68). These cytoplasmic repressors
must be capable of recognizing a particular metabolite and a particu-
iar operator gene. Through a mechanism still unknown, the metabolite
may either (a) activate the repressor, which in turn would combine
reversibly and specifically with that operator in order to inhibit
transcription, or (b) inactiveie %he repressor, allowing the transcrip-
tion of the operon and therefore the production of that specific group
of proteins. The proteins then symthesized would be those enzymes
specifically capable of utilizing the cytoplasmic metabolite which
initielly "informed" the cell of its presence in the cytoplasm.

This theoretiqal mechanism (68) would become more relevant to the
field of carcinogenesis if these bacterial phenomena were also found
in memmalien cells. 4 process analogous to, if not identical with,
enzyme adaptation in microorganisns has been reported with the enzyme
tryptophan pyrrolase in rat liver (71). Tryptophan or cortisone in-
jected intraperitoneally in rats produces a two- to ten-fold inecrease
in tryptophan pyrrolase activity in four hours' time (42,113). Recent
deta suggest that the energy-dependent activation of tryptophan
pyfrolase reflects an enzymatic rclease of enzyme-protein from the
microsomel particulate to a soluble form (41,104). In the presence of
hematin, a divalent cation, ATP, phosphoenol pyruvate and PGA, the

cell-soluble fraction designated the "peeling enzyme" solubilizes the
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wicrosomal apo-enzyme, forming "active" tryptophan pyrrolase; this

holo~-enzyme, which includes the home and usually manganous ion, forrs
kynurenine from tryptophan. Magnesium ion is slightly less effective
than manganese, and other divalen® cations are very inefficient (104).

Thus, in this mammalien system where tryptophan is the "effectcr,"
the tryptophan pyrrolase "operon" becomes active in order to take ad-
vantage of the excess substrate in the environment, and the destiny of
the cell has been determined by cytoplasmic "information." Accordirg
to the simplest form of the Deletion Hypothesis (63,80,110,113), re-
pression of catabolic enzymes and derepression of anabolic enzymes
could feasibly present the picture of malignancy--a condition of
growth promotion, or uncontrolled growth.

Hormonal and drug induction of enzymes have different mechanisms
wnich are not well understood. Cortisone appears to increase the
number of template sites of the messenger-RNA (57). Stimulation of
microsomal enzyme activity by administration of phenobarbital and
other drugs has been reported (27), but this mechanism of enzyme dere-
pression involves stimulation of the TPNH-oxidase system so that there
is increased active oxygen available for drug and steroid hydroxylation
(28,51) and probably differs from simple enzyme induction.

Differences between normal liver, precancerous liver and hepa-
tomas have been summerized end thoroughly reviewed with few positive
correlations (118). Numerous biochemical studies on all of the
"minimal deviation" hepatomas have revealed that no two are exactly

alike with respect to enzyme patterns and enzyme induction (2,12,33;29,;
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26,54,57,58,40,84,89,92,95,105,1049105,106,107,110,112,115,114,115,
121,133,140, 145). Adamson and Fouts showed that the Morris 5123 was
unable to metabolize codeine, p-nitrobenzoic acid, hexobarbital and
aminopyrine (1). Because of the absence of drug~metabolizing enzymes
from a wide variety of hepatomas (28,46), it was speculated that a
deletion of these IPNH-dependent microsomal enzymes may have importance
in hepatoms formation (1). Again, the more likely explanation is that
deletion of microsomal enzymes in hepatomas is probably a secondary
change in neoplasia in the Darwinian sense of natural selection, after
the tumor has undergone the primery irreversible event of carcino-
genesis and has gained autonony.

It was felt (21,34,104,105) that it might be important to deter-
mine whelher or not hepatoma tissue derived from normal liver still
possesses the ability to respond to intraperitoneal administration of
tryptophan. In the case of the Morris "minimal deviation" hepatoma
2125, there was no response after injections of tryptophan or corti-
sone, while & two- to ten-fold increase in tryptophan pyrrolase
activity did occur in the livers of normal control rats and of rats
hosting the hepatomas (104,105). The possibility that the lack of
enzymatlic induction was due to a failure of intraperitoneally injected
material to reach the tumor was ruled out in subsequent experiments
(13,21,34). Hepatoma 5123 has been found to respond to intraperiton-
eal methylcholanthrene administration by marked increases in demethyl-
ase activity, however; demethylase induction ocecurs in normal liver

and has not been reported in the other "minimal deviation® hepatomas
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to date (26,28,114).

Therefore, with respect to enzyme adaptation, the Morris hepatona
5123 has been regarded as the least deviated of primary transplantable
anizal cancers, until very recently. Dyer's group has now shown (34)
that "minimal deviation" hevatomas 7793, 7794-B‘and 7795 respond to
substrate induction with elevated activity similar in behavior to the
tryptophan pyrrolase activity of normel liver. The Reuber hepatoma
H-35 and the Morris hepatoma 7793 were studied with regpect to trypio-
phan and cortisone injections in adrenalectomized hosts, as well as in
intact host rats; a significent substrate induction resulted in the
intect but not in tumors of the adrenalectomized host (21). Differ
énces in the tryptophan pyrrolase kinetics and electrophoretic mobili-
ties between normal liver and hepatoma 7795 were not found, and trypto-
phan pyrrolase in the hepatomas was shown to have a dual (substrate
and hormonal) control as in normal liver. The authors thus suggested
that hepatomas may have lost the capacity to maintain a stable RNA
template for tryptophan pyrrolase synthesis, so that the substrate
induction in the hepatomas no longer occurs unless the RIA template is
continuously renewed by corticoétoroid stimulation (21).

“Minimal deviation" hepatomas progressively similar to normal rat
liver will inevitably be characterized. The importance of cytoplasmie
"information® ana enzyme adeptation in "minimal deviation® hepatomas
with respect to the fundsmental aspects of cancer can only be specula-
tive. The primary irreversibls event in carcinogenesis therefore has

probably not yet been uncovered, or perhaps the importance of a recent-
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1y discovered difference beiwcen anormal and neoplastic cells has not
been fully appreciated. Again, psrhaps no specifiec metabolic diffe.-

ence is an absolute requirement for neoplasia.

The problem of the initial events of carcinogenesis in this
thesis Tirst involved discovery of relative differences between the
normal and neoplastic cell; these differences were then specifically
traced to certain molecules associated with the endoplasmic reticuliu.
Those differences in one type of sencer which could also be demon-
strated in a Morris "minimal deviation" hepatoma became Ffar more
significant. Most of the biochemical studies of normal and neoplastic
biological material in this thesis centered around differences which
were first discovered by low-iempsrature ESR spectroscopy, & new

technic available to our laboratory.

D. Principles of Electron 3pin Resonance Spectroscopy

ESR spectroscopy is the technic of observing unpaired electrons:
free radicals such as possible enzymatic metabolic intermediates, and
transition metal ions of the proper valence state (65). Paramagnetie
behavior is shown when the magnetic effects of the individual elec—
trons are not matually neutralized,'and paramagnetism is associated
with the presence of either unpaired electrons or an incompleted

electronic level. The permanent moments characterizing paramagnetic
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materials are of sufficient magnitude as to meke their diamagnetic
properties appear relatively unimportant. Unlike dismagnetism, pare-
magnetism is dependent upon temperature, since it is associated with
orientation of dipoles in & magnetic field. Although the presence of
an odd number of electrons is comuonly characteristic of paramagnetic
substances, lack of electron pairing may oceur when an even number of
electrons is present if the principle of maximum maltiplieity, or
single occupancy of available orbitals, is obeyed.

The sample to be examined by ESR speciroscopy is placed in =
static magnetic field which cen be varied continuously, while at right
angles to this field electromegnetic radiation of & fixed radio-
frequency is applied. Absorption of energy from the radio-frequency
oscillation by the sample is measured while the magnetic field
strength is varied. The unpaired electron with its miniature magnetic
moment may be compared to & spinning top. The rotating electron acts
&5 e magnetic dipole, and the effcct of the static magnetic field
causes precession of this "gyroscope.” The radio-frequency oscillation
may be considered equivalent to a rotating magnetic field, and the rate
of precession veries with the strength of the applied static magnetic
field. Therefore, when the frequency of rotation coincides with the
frequency of precession, the moticn of the unpaired electron is affect-
edland energy is absorbed.

Conditions for this "resonance absorption" in terms of quantum
mechanics follow the fundementals of the splittiing of energy levels.

If radiation of frequency Y is fed to the sample, some of the elec-
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trons in the lower, or parallel, state will absorb energy and jump to
the higher energy state while those electrons in the upper, or anti-
parallel, state will be stimulated to emit radiation of frequency )/

and fall to the lower energy state in the process, provided that
h = g B H (1)

where h is Planck's constant, 3y the radio-frequency of the microwa'e
radiation, /52 the Bohr magneton constant, and H the strength of the
static magnetic field in gauss. The term g is a dimensionless
quantity designated the "spectiroscopic splitting factor.® The g-va ue
determines the degree of splittinz of the energy levels and is funde-
mentally the measure of contribution of the spin and orbital motion of
the unpaired electron specics being measured to its total angular
momentum. Empirically, g was fouad to be 2.0023 for the completely
“free" electron (65). Each free radicasl species or paramagnetic trans-
ition metal ion exhibits a characteristic and reproducible g-valus,
just as any compound displays a constant molecular weight, boiling
point or magnetic susceptibilit& easure.

Absorption messurements of the sample when Equation (i) is satis-
fied are recorded as the first derivative of microwave energy absorp-
tion with respect to field strength, in order to increase the signal-
to-noise ratio. The ESR signals are therefore presented as microwave
energy absorption as a function of magnetic field strength. Unpaired

electrons in biological samples can thus be measured for (a) absolute
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concentration and (b) frequency of species occurrence, by respectively
recording the intensity of the ESK signel (i.e., deviation of the pea

from the baseline), and scenning the magnetic field.

E. ESR Studies of Biological Materials

The early ESR studies ¢f biologicel tissues were based on frozen-
dried samples (25).> Presence of water in the ESR spectrometer cavity
then available caused an appreciable loss in ESR detection sensitivity,
as water in the cavity is anr effective absorber of microwave energy.
Recent development of more sensitive ESR devices has now permitted
adirect investigations of living erimal tissues in the presence of
liquid in the cavity (7,25).

Pioneering work in the application of the technic of ESR spectro-
scopy to living normal and necplactic whole tissue wes reported by
Commoner and Ternberg (25), who found thet "in contrast with normel
liver, free radicals are undetecteble in rat and mouse hepatoms,” and
that all of the ESR studies of necplastic tissues up to this time
indicate that they are distinguished by "relatively low, or wholly un-
detectable, free radical contents.” Their semples included normal and
neoplastic rat and mouse liver, ret livers at intervals from birth,
normel humen liver and humen liver from several clinical cases of ob-
structive jaundice; all tissue sanples were suspended in a 5% glucose

solution in the ESvaavity° The wholly empirical observations of
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deecisive differences in free radical concentrations related to certain
rathological changes in animal and humen tissues suggested to the
euthors certain useful lines of investigation such as differential
diegnosis, insight into metabolic differences among tumors, and meta-
bolic studies of the response of tumors to anticancer agents. They
postulated that the remarkeble absence of detectable ESR signals in
tumor tissue reflected the relatively small concentration of mitochon-
dria, since the free radicels most likely were originating in the
mitochondrial redox enzymes (25).

lore recently, Russién workers detected free radicals in carcino-
zenic preparations with ESR spectroscopy and felt this pointed to the
possibie role of free radicals in the etiology of malignanti tumors
(69). They studied the semiquinore free redical in varying conditions
of oxygen partial pressure, alkalinity and tissue protein concentra-
tion. It was concluded that semicuinone free radicals, formed by
allkalinizing the medium, adsorbed to protein polymers, and this free
radical mechaniem was offered as the initial event in carcinogenesis.

These ESR studies were all mede at room temperature, however, =
techmic having the advantage of direct observation of living cells bui
having the disadvantage of relatively low sensitivity compared with
gpectroscopy at lower temperatures (65). Increased sensitivity in ESR
analysis can be shown to occur at lower temperatures by the Maxwell~
Boltzmann expression in which the ratio of the number of electrons in

the higher energy state, n

12 to the number of electrons in the lower

energy state, 22’ is given by
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= ® (ii)

where AE is the separation between the two levels of electrons, k “he
Boltzmann constant, and T the absoclute temperature. At low tempera-
tures where T is reduced, therefore, the difference between the g1 and
n  levels is increased, so that a larger net absorption and greater
sensitivity occurs (65).

Many biological materials have been studied with ESR spectroscopy
in the last few years. For purposes of interpretation of resuits and
later discussion, the ESR charactaristicsof importent bioclogical sub-
stances are summarized here.

Melanins have & narrow absorption around g=2.00 (24,76), charac-
teristic of free radical signals. HMitochondria and submitochondrial
varticles from beef heart and othsr tissues absorb at g=1.94 and 2.00,
probably due to non~heme iron associated with flavin or flavin semi-
quinone (6,7). Mitochondria also have absorption at g=4.3, probably
due to ferric iron in the high-spin state (126), and absorption at
g=2.05 and 2.17, presumably due to cupric copper in cytochrome oxidase
(8). ©Smooth~ and rough-surfaced microsomes (ribosome-free and
ribosome-containing, respectively) have absorpiions at g-values of
1.91, 2.25 and 2.41, owing to the presence of an otherwise unidentified
heme protein, designated microsomul Fex by this laboratory; microsomes

also absorb at g=2,00, probebly due to either a flavin or another
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emiquinone free radical (61,88,150). Hematin compounds have complex
ebsorptions dependent upon their high- or low-spin states and may give
signals in the regions of g=6, &4 or 2 (35). A complex six-line
cboerption centered about g=2.00; found in a number of biological
materials, is attributed to the manganous ion associated with its
structural environment in a speciel way (4,74,86,138).

While melanin, free radicals and inorganic systems of paramegnetic
transition metal ions can be observed at room temperature, all the
other resonances mentioned above were seen only with low~-temperature
ESR spectroscopy for several reascns. As previously mentioned, in-
creased sensitivity of the spectrcmeter can be shown mathematically as
well as experimentally to occur ai low temperatures, so that this
technic was advantageous in detecting small concentrations of bi&logi-
cal paramagnetic substances. Becesuse liquids absorb microwave energy,
sample size is very limited at rocm temperature, while in the frozen
state a considerably larger saumple may be studied. In addition, the
hendling of samples and the operation of ithe instrument are simpler
and more reproducible at low iemperatures. Also, a reaction may be
stopped at a desired state by quick-freezing and then studied at
leisure (9,65).

There are distinct disadvanteges to low-temperature ESR analysis,
however. The mechanics of the liquid nitrogen flow system for cooling
the ESR cavity can be a problem. The state observed in the frozen
gemple at -1700 C. cannot be assumed to be necessarily the state which

prevailed at room temperaturs. Equilibrium shifts, complex formations
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and pH shifis may occur. Kinetic studies at liquid nitrogen tempera-
“ures are generally cumbersome (9).

The interaction of nuclear megnetic moments of a molecule with an
unpeired electron may lead to fine detail in the ESR spectrum, desig-

nated hyperfine structure. This splitiing can be of great value in

interpreting the species of free radical or the environmental struc-
ture of bound paramagnetic trensition metal ilons in a biological
cample. An unpaired electron may interact with the nuclear megnetic
woment of the same molecule or of neighboring molecules. In the
liquid state, molecular tumbling (Brownian motion) cancels the influ-
snce of the nucleil of neighboring molecules, so that only the hyper-
fins séructure stemming from the nuclear magnetic moment of the parent
molecule is detected and recorded with room~temperature ESR technic.
However, in the rigid envircmment with low temperatures, powder or
viscous solvents, this anisctiropic interaction is continuous, leading
to hyperfine splitting from neightoring molecules as well as the parent
molecule. The multiplicity of energy levels results in a general
broadening of the ESR signal with no resolved hyperfine structure, aad
this can be a distinet iimitation to ESR spectroscopy at liquid nitro-
gen temperatures (9,65).

For a paramagnetic species ir a rigid environment, more than one
g-value can occur, causing esymmeiric ESR spectra. This phenomenon
depends upon the orientation ¢f the symmetry axes of-the crystal field
with respect to the magnetic field H. Values for both parallel and

perpendicular orientation ars ther observed (9,65).
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MATERIALS AND METHODS

A. Chericals

In experiments where extraneous paramagnetic impurities would bs
undesirable, all water was doubly distilled and then passed through e
Barnstead standard mixed-bed ion-exchange column. The conductivity of
the column was £1.0 pmho; the meter remained below O.1 p.p.m. sodiua
chloride. 41l articles of glassware used in such experiments were
thoroughly rinsed in water which had been doubly distilled and de;
lonized. |

Suffers were prepared according to directions given in Methods of
Enzymology (53,55). The pH of eaca buffered solution was checked
egainst Coleman pH standards. The sodium and potassium phosphates,
alcohols, acids and bases used in all experiments were American Chems-
cal Soclety reagent grade chemicals.

Sodium dithionite, manganous sulfate and sodium chloride were ob-
tained from Mallinckrodt Chemical Works. Sucrose and manganous chlor-
ide were supplied as a reagent grade from Bsker and Ademson. Tetra-
sodiuwn-EDTA, lithium chloride and acetanilide were purchased from
Matheson, Coleman and Bell Co. The reagent grade ammonium sulfate wes

recrystallized before use. Succinic acid, tryptophen, protamine sul-
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fate and sodium choleate were obtained from Nutritional Biochemicals
Corp. DFNH and TPNH were obtained from C. F. Boehringer & Soehne Cc.
Bovine albumin, antimycin & and ovalbuzin were purchased from Mamn
Research Laboratories; Inc. PFPhoszhatidyl-serine and eytochrome ¢ were
supplied by Sigma Chemical Co. The reagent grade p-phenylenediamine
Trom Eastman Organic Chemicals Co. was sublimed before use, the frac-
tion between 90° and 92° C. being collected. N,N-dimethylformemide
and /f—glycerophosphate were also obtained from Eastman. Phenol was
purchased from Harimen~Leddon Co. Pyridine was supplied by Merck &
Co.;, Inc. Trypsin was obtained from Calbiochem Corp. for Biochemical
fesearch, and /S—lactoglobulin wau obtained from the Bureau of Agri-
cultural and Industrial Chemistry, Philadelphia.

Zmasol 1130, a nonionic syntlietic detergent (polyoxyethylene-
sorbitan-monooleate), was cbteined from the Kao Soap Co., Tokyo.
Emasol 1130 and 4130 are probably identical to Tween 80, except for
minor differences in the lengths «f the polyoxyethylene side chaing--
indicated by slight differences in the index of hydrophilic/lipophilic

balance (151).

B. Biological Preparations

Twenty-nine mouse tumors were purchased from the Roscoe B. Jack-

sca Laboratories, Bar Harbor, Maire. Each type of cancer was freshly

inoculated subcutaneously into three mice at Bar Harbor and shipped by



air on a schedule convenient to this laboratory. The tumors were
allowed to mature, and when the mess was clearly visible the animal

was sacrificed by cervical dislocation; the tumor was dissected free
end kept on ice. As much blood an poszible was removed, and the firm~
est, most viable regions were drouvped directly into ligquid nitrogen.
After being frozen the samples were rapidly weighed and then placed in
& cold quertz ESR sample tube, which was kept immersed in ligquid nitro-
gen to avoid any thawing of the sezmple. The procedure from cervical
dislocation of the mouse to immersion of the sample in liquid nitrogen
averaged three t§ five minutes. The average weight was 170 mg. This
provided a very rough, qualitative comparison of the frozen whole
tissue samples. Quantitative teclnics employed for subecellular frac-
tions are described below. The list of tumors and normel tissues which
were studied appears in Tablec 1.

Hepatoma BW 7756 in the (57/1J mouse was used for the preparation
of cell particulates; liver from the seme mouse strain was used for
normal subcellular counterpsrts. Cell organelles were prepared from
the pooled tissues of six to ten enimels. Mitochondria were prepared
by a modification of the method of Schneider (127) and exemined in
0.25 K sucrose after repeated centrifugal washings. Rough- and smooth-
surfaced microsomes were‘prepared by a modification of the method of
Fouts (46), which was shown to produce essentially homogeneous frac—
tions by electron microscopy (S1). All ESR and biochemical analyses
were stendardized to microsomal protein concentrations, as determined

by the biuret method (54). Spectrophotometric readings at 540 mu were
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L5 1 List of normal end neoplastic mouse whole tissues which

were studied by low-temperature ESR epeciroscopy. Twenty-nine Bar

Harbor mouse tumors and two normal tissucs were included in the survey.



Name

TUMORS

8ar Harbor Classification

Mouse Strain

Mammary Adenocarcinoma

Melanoma

Myeloid Leukemio

Spindle Cell Sarcoma

Lymphatic Leukemia

Rhaobdomyosarcoma

Osteogenic Sarcoma
Induced Lymphosarcoma
Angaplastic Carcinoma

Ovarian Granulosa-Cell Tumor

Ovarian Granulosa-Cell Tumor
(Hormonal)

Preputial Gland Tumor

Round Cell Tumor

Hemangioendothelioma

Testicular Interstitiai-Cell
Tumor (Hormonal)

Adrenal Cortical Tumor

Hepatoma

H 2712
d br B
BW 11301
BW 10232
CaDl1
CaD2

C 3 HBA

s 9l
H-P
B/ 16

{(DBA/2ind)MY-1
(DBA/2in Q) MY-1
cl1498

S 37
S 180
SI

P 1534
BW 10139

T 283
6C 3 HED
15081 A

E 1731
H 4529
ESR 586
C 1300
BW 6473
H10HS

E12529
BW7756

NORMAL TISSUES

Cardiac Muscle

Liver Tissue

C3H/HeJ
DBA/1J
A/J
C57BL/6J
DBA /LU
DBA /24
C3H/Hed

bDBA /1Y
BALB /cJ
C578BL/6J

DBAs2
ODBA/2
Co578L/6Y

DBA /14
BALB/cJ
A/d

DBA/2J
CE/J

AKR/J

C3H/Hed
A/J

A/Held
DBA /1Y
C57BL/6J

A/d
129 /4

BALB/cu

C57BL/IOJ
cé7/L 4

A/J, BALB /cJ,
and C57/LJ

A7J,CB57BL/I0Y,

129/J, and C57/L J
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carried out 24 to 48 hours sfiler addition of the biuret reagent; this
allowed time for the formation of & visible phospholipid net, which
wag Tlltered off by glass wool beiore the spectrophotometric reading.
Chemical enalyses of the mouse liver and mouse hepatoma microsomes in-
cluded total iron content (22), pyridine hemochromogen (102) and cyo-
chrome b (49).

P

Electron microscopy of mouse microsomal preparations was done by
Dr. Kekefuda at Oity of Hope Reseurch Center, Duarte, California. The
frozen microsomal samples were shipped by air; at City of Hope Research
Center the specimens were immediately fixed with osmium tetroxide, de-
hydrated, and embedded in Epoxy-resin. Thin sections were later cut
and stained with uranylacetste and lead for electron microscopic
sections.

Uxidation-reduction experiments utilizing low-temperature ESR
spectroscopy (61) were conducted ¢n normal mouse liver and hepatonmea
nicrosomes. The possibility of a new nricrosomal a~type cytochrome was
studied by spectrophotometry at 1Jquid nitrogen temperatures (39).
Uytochrome oxidase activity wes determined by Warburg manomeiry (&4)
and by enzyme kinetics with the recording spectrophotometer (82).

‘ntimycin A inhibition studies were also carried out (132).

Seven female Buffalo strain rais inoculated subcutaneously and
intramuscularly with Morris hepetcma 5125-B, Generation 39, and thir-
teon female Buffalo strain rats of the same age for controls were ob-

“ained through the generosity of Lr. H. P. Morris of the Nationeal Can~-
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cer Institute, Bethesda, laryland. BEight weeks after inoculation the
enimals were sacrificed by cervienl dislocation, and the tumors and

livers were excised and immediately frozem in liguid nitrogen. Three

we

groups of tissues were defined: (a) livers from normal healthy rats,
(b) livers from animals hosting the tumors, and {¢) Morris "minimal
deviation" hepatoma 5123-B tissue. These tissues were then separately
homogenized in 0.88 M sucrose, and the combined smooth- and rough-
surfaced microsomal fractions of the three respective groups were ccu-
pared by low-temperature ESR spectroscopy (88,89), studied by spectro-
photometry at liquid nitrogen temperatures (39), and assayed flor
acetenilide hydroxylase acti?iﬁy (72,89). The results were guantits-
tively compared on the basic of microscmal protein concentration, also
determined by the previously mentioned modification of the biuret
method (54).

A substrate induction experinent (21) was carried out with Pif-
teen other Buffalo strain rats. Five aenimals received injections of
440 ml. 0.25 M suspension of L-trypiophan in 0.9% sodiwm chloride,
five animals received 10 mg. cortisone acetate, and five “control”
rais received injections of 4.0 ml. 0.9% sodiuwm chloride. The injec-
tions were administered intraperitoneally at time Zero and at three
Lours, and all rats were sacrificeqd by cervical dislocation six hours
after the first injeetion. All livers were excised and immediately
frozen in liquid nitrogen. Later, the three regspective liver micro-
gomal fractions were isolated and examined by low-temperature ESR

technic (88,89).



The paramegnetic manganous ica appsared to be very intimaiely

associated with every mierosomal preparation. Therefore, numerous

%]

tteupts at purifiying menganszse in its natural association with the
microgomal membrane were carried cut. Fresh, frozen besf liver was
purchased from Swift & Co., and microsomal preparations, starting
with 400 g. whole liver at a time, were done. Separation of a men-
genese fraction by ammonium sulfate fractional precipitations, pre-
cipitations by pH, column chreomatcgraphy end continuous-flow electro-
phoresis proved unsuccessful. The ESR signal height per mg. micro-
gomal protein was the only availeble means by which microsomal
nangenese could be accurately messured; thus, the microsomal menganess
fraction could not be successfully followed in the above-meniioned
technics, due to either (e) too much dilution, or (b) contamination
with paramegnetic impurities, commonly cupric ion.

Solubilization of the microsonal manganese component after tryp-
sin digestion was unsuccessful in zcid or base solutions, or in ethyl
alcohol, methyl elcohol or ether. Emasol solubilization after irypsin
digestion produced the most setisfactory purification, resulting in en
aqueous phese of quite concentratel manzanese per mg. protein. The
procedure used in solubilizing a microsomal maﬁganese moiety is out-

lined in Pigure 2.
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FIGUEE 2. Procedure used in: solubiliziag and purifying a microsomal
mangencse fraction. This outline to dats is the most satisfactory
method. The two-{old and six-fold purifications refer to ESR signal

height of manganese, per mg. microsomal protein.
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MICROSOMES (in sucrose butfer)

Ditute with 0.1 M Tris-acetate buffer, pH 7.4, tc
I5mg/ml protein concentration.

v
DILUTE MICROSOMES

Add img. trypsin/ 15 mg. protein and mix.
Incubate immediately for 30 min. at 37°C.
Refrigerate, and centrifuge for [l/2 hours

at 151,000 g.
v v
SUPERNATANT SEDIMENT (ManignGI)
(No ESR signal) Take up in sucrose buffer to

original (starting) volume.
Add Emasol 1130 (4% of total
volume), slowly, keeping
temperature at 0-4°C.

y
CLEAR SOLUTION

Add (NH4)2 504 to 0.2 saturation
Centrifuge (refrigerated) for
1/2 hour at 25,000 g.

(Top) INSOLUBLE SEDIMENT (Lower) AQUEQUS FRACTION
Resuspend, (6-fold Mn**-protein purification)
homogenize in

original volume of

sucrose buffer.

Add Img. Na choleate/50 mg. protein.

Incubate 20 min. at 37°C.

Add (NH4)p SO4to O.15 saturation.

Centrifuge (refrigerated) for

I/2 hour at 25,000 q.

SUPERSEDIMENT AQUEQUS FRACTION SEDIMENT
(No ESR signal) (2-fold Mn**-protein purification)  (Small ESR signal)
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Oxidative phosphorylation apiears to require menganous ilons; in
studies of mitochondrial respiration (19,20), low concentrations of
manganous ion stimulated the respirateory rate, suggesting the possible
prescnce of a redox pump located in the mitochondrial membrane. The
possibility of redox funciion of nanganese in the microsomal membrars
was therefore entertained. The e:perimental procedure of Strittmatter
.(152) measures microsomal respiration, by following the reduction of
exogenous cytochrome ¢ at 550 mu. This experimental system was pre-
pared, and both smooth- and rough-surfoced mouse liver microsomes were
exemined. The effect on microsomel respiration was studied--with and

without the presence of 1 ml mangemous chloride in the systen.

C. Inorganic Studies of Manpanese
(%)

The problem of explaining the observed low-temperature ESR spec-
trum of microsomal manganese, compared to the simple six~line absorp~
tion seen at room temperaturs, led to basic study with numerous
inorganic experimental systems. langanous chloride, manganous sulfate,
and manganous phosphate ( prepared from dilute manganous chloride and
concentrated phosphoric acid (59) ), were studied by Z3R in acid
solutions of varying anion/tn™" retios of chloride, sulfate and phos-
phate, respectively.

The additional influence of fluoride, cyanide, lithium chloride.

sodium chloride, bovine albumin, ovalbunmin, /@-lactoglobulin, cyto-



chirome ¢, protamine sulfétes rumeroue smino acids, /G—glycerophospha@e
and phosphatidyl-serine on nmangancus chloride was examined by ESR at
roor temperature as well as low temperatures. Water, methanol,
wthanol, acevone and NyN-dimethylivimanide were used as solvents for

bl
)

t‘:‘

rgenous chloride in experiments studying the effects of solvent or
“he manganous ion.

The titration curve of phosplioric acid was estaeblished by measur-
ing the pH of 00 umoles of phosphoric acid before end during the stzp-
wige addition of 2700 umoles of sodiuwam hydroxide. 4 volume of 1.0 nl.
bage was added to a starting volwwe of 10,0 ml. phosphoric acid. In
further experiments, 10, 20 and 100 umoles of manganocus phosphate wes
added to 890, 880 and 800 umcles of sitarting phosphoric acid, respe:-
tively. OStepwise addition of sodium hydroxide was egain carriedbout
in each of these experiments, and microsamples of each solution were
taken at various points along the titrations for low-temperature ESH
analysis. By this method, the concentrations of each phosphste spscies
were known at any given point along the titration curve, and the effect
of each anion species upon the menganous cation could therefpre be

accurately determined by low-temperature ESR techniec.
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D. Eleciron Spin Reuonance Spectroscopy

& Varian V-4500 ESR speciromoter with 100-ke. field modulation
wa3 used, with modulation amplitudes betuecen 8 and 16 gauss. Kiystron
frequencies were determined with e Hewlett-Packard K532B. frequency
neter, and fleld sirengths were menitored with a Hewlett-Packard 524C
electron frequency counter coupled to a proton resonence meter. The
specira shown in the figures are derivative curves of the actual energy
absorption, with magnetic field H always increasing from left to right.
The maximum end minimum slope positions of some of the specira may be
reversed in phase, but this is unimportent.

Instrumental response times were set at 0.3 or 1.0 second for ESR
analysis of the biological materiecls, snd at 0.01 second for the more
sensitive inorganic systems of marganecze. The gain was as low as 20
for the inorgenic experimentis where manganous ion concentration was
usually 10-'5 M, and as high as 1000 for the less concentrated biologi~
cal materials. The magnetic fisld was scanned from 1000 4o 4000
gauss, which covers the g-velue rcgioms of 6, 4 and 2. Purified nitro-
gen passed through a heat-exchanger in liquid nitrogen kept the cavity
temperature at abow -160° C., although the temperature could be regu-
lated between -190° and —500 C. by adjusting the rate of nitrogen gas
Tlow through the heat-exchanger.

Sample size in the ESR covity was normelly 0.20 ml.;, with the ex~
ception of room temperature ciperiments and the titration study with

menganese, when sealed capiliary tubes (with the solution %o be



examined) were placed in the botion of ESR quariz tubes normally used

for low-temperature work. Tha ESR quartz sample tubes were of approxi-

The prevared semples were always stored in licuid

(S0

nitrogen prior to placement in the ESR cavity. The quartz tubes were

tested prior to use, to eliminate those giving spurious ESR signals in

the absence of experimentel material.



43

iil.

A, Vhole Tirsue Studies

The ESR spectra of typical whole tumor and whole normal tissuss
of the mouse are depicted in Figures 3 through 7. The comparison

signals from normal liver and carciac muscle are showm in Figure 3.

B. Subcellular Components of Neimal Mouse Liver and Hepatoma

The mouse hepatoma BW 7755 wes cozpared to presumably related
rormal mouse liver. The ESR spectra of mitochondria obtained from
normal and neoplastic liver ars shoun in Figure 8. Curves 4 and B
represent the spectra of nornal and cancerous mitochondria, respectivew
ly, washed and centrifuged twise; curves C and D depict the corres-
ronding samples washed and centrifuged six times.

The theoretical ESR derivativs spectrum of microsomal Fex is

pictured in Figure 9, with absorptions at g =2.25 end s =2.41 end 1.91?
n n

# g T ig the position, in terms of g-value, of maximal absorption,
m
shile “sm" is the position of maximum or minimum slope in the spectria

plotted as a derivative curve (61).
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This heme protein has not bsea purified, so that actual ESE gpectra of
preparations alwuys show this absorption superimposed on

signals of other paramagneiic substances. Again

z looking at Figure &,

we can see thal microsomal e desreasss in proportion to the number

<l
of times the mouse liver mi-cchonizia are washed. No significant
parsmagnetic differences exis® belwsen the mouse liver and hepatoma
mitechondria, once the microscmal contamination has been washed out.

Typical ESR spectra of normal and neoplastic smooth-surfaced a:d

normal and neoplastic rough-surfased microsomes are shown in Figures

10 and 11, respectively; the vrotein concentrations of both comparisons
are spproximetely equal. Tl mouse hepatoma microsomal specira con’zin
roughly the seme ESR signals rut at lowsr magnitude, while & definitely
greater intensity in the abuocrption at gm=2.00 is seen in the mouse

hepatome rough microsomes.

The changes in signal height pe
various g-values are given iz Table 2. One "unit® of
was arbitrarily chosen as 1 em., 0" recorder-pen deviation st 1000 gain.

Protein concentration of the samples ranged between 35 and 70 mg./ml.

The hepatoma microsomal Fex as we: sured by the g =2.25 signal is 4%
m

times decreesed in the smooth mi¢rosomes, and 3% times decreased in
the rough fraction, compared with the corresponding values for normal

liver microsomes. In the neoplasiic rough microscmes, the microscmsl
gm=4a5 signel is 1% times greater, while the free radical signal at

Sm=2°00 is twice as large. The s =1.91 gignal of smooth hepatoma
X B

microsomes is one-third thet of thre corresponding signal from smooth



B

microsomes of normal mouse liver. Other differences are not 8ignifi~
cant at the p = .01 level ol confidencs (87,88).

The concentrations of several microsomal components determined
by chemical analysis are listed ia Table 3. OF interest is the rele
tively large amounts of hems iron other than that accounted for by
microsomal cytochrome hﬁ in both the normel and cancerous mouse liver
microsomal fractions.

Reductive titrations o microsomal Fex in normal mouse liver ea:.d
mouse hepatoma microsomes wers stidied oy ESR in an attempt to elicit

any difference in the binding or redox state between normal and neo-

e

plastic microsomal Fex. As geen in Figure 12, the mouse hepatona

microsomes paralleled the ncrrel iiver microsomes in every phase of

¥

“he experiment; only a large concontration difference was observed.

<

i3 had been previously observed {51), TPNH was preferred to DPNE in
enzynatically reducing microscmal Fex.

In Figure 13 the ESR spsctrwi of oxidized normsl mouse liver
microsomes is compared to that of enzymaticelly IPNH-reduced micro-
somes. In the TPNH-reduced ESR speclrum, the absorptions responsible
for microsomal Fex»are clearly dirdinished with respect to §m=2.41 and
gmm2»25, but a disecrepancy was repeatedly observed in the sm=1.91
region. An increase in signal height in this region upon reduction
with phosphopyridine nuclectides suggested mitochondrial contaminstion
of’ the normel mouse liver misrosorel fraction.(6,7), and numerous

experiments were performed to rule this possibility in or out.

Reduced-direct spectrophotometry at liquid nitrogen temperatures



<)

{39} wes done on microsomal fractiocns of rabbii, mouse, beef and rat
liver. TFigure 14 demonstraics the optical spectra characteristic for
iwicrosomes——-a predominance of cytochrome 35 with twin o(-bands at 552
and 558 mu, a /@—band at 525 mu and the Soret band at 420 mu. In &1l
microsomel fractions, but espscially those of the mouse, a persistent
optical peek at 599 mu was observsd. To distinguish whether this
abeorpiion was due to an a- or E?-tdﬁc cytochrome, carbon monoxide
bubbling and safuration of reduced mouse liver microsomes in the
absence of light was carried ocut. A band at 450 mu was repéatedly Pro-
duced (91), but the 599-mu pesk was not decreased in size.

formel mouse liver microsomes wers carefully examined by elect-on
microscopy for mitochondrial sontaminstion. Figures 15 and 16 arc
electron micrographs at high magnificztion which showed no intact mi<o-
chondria, or traces of miteshondrial fragments.

Cytochrome oxidase activity, o specific determination for +he
presence of the mitochondrial electiron iransport chain, was carried
out by Warburg menometry (6%). Vhile normal mitoechondrial preparations
gave values between 50 and 200 ul oxygen consumed/mg. protein/hr., o

ralue of 7.3 ul oxygen/mg. protein/hr. for the normsl mouse liver

microsomal fraction was obitasined. This suggested mitochondrial con-
teamination of 3 to 14%. Cytochrouze oxidase kinetics (82) were studied
by recording spectrophotometry; a value of 7:23 ul. oxygen consumed/
mg. protein/hr. confirmed the data obtained by Warburg manometry.

Further calculations showed %that the mitochondriel eleciron transport

chaln present in the supposzdly "pure® mouse liver microsomal fraction
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was uble to reduce 5.4 mumols: of oxygen/mg. protein/min.
Antimycin A iphibition ztudies were carried out on the recording
specirophotometer. This tecimic is a very sensitive test, because

cntizyein A specifically and completely inhibits the mitochondrial

clectron transport chain (1%2). %he results of several experiments

(53]

re summarized in Figure 17. where reduction of exogenous cytochrome ¢
was followed at 550 mu durirz six minutes' reaction time. Additicn of
entimycin A to the system partially inhibited the supposedly n‘pure“
wouse liver mierosomal fracticn, lending strong support to the suppo-
sition that mitochondrial elsciror transport chain contemination is

probably present.

-

C. '"Minimal Deviation® Hipatoua and Normel Ret Liver Microsomes

lypical ESR microsomal spectra of normal rat liver, host rat liver
end "minimel deviation" hepatsma 5125-E are depicted in Figure 18. s
cen be seen by the gm=2.25 sigaal height, the three- to four-fold
conceniration decrease in microéom&l Fek is again apparent in the
"minimal deviation® hepatoms. The free radical signal at gm=2.00,
previously twice as large in the more enaplastic mouse hepatoma rough
microsomal fraction, is now noi statistically different among these
three microsomal groups. Ths hepatoma microsomal menganese (detecieble

by measuring the ESR signal height at Sm=2°18’ the lowest magnetic

field strength splitting of ths six abzorption lines of manganess) is



wo-fifths that of normal ot liver microsomes (89).

The significant ESR signal heights per mg. protein are listed ia
Table 4, where one "unit" wes arb:trarily chosen as 1 cm. of recorder-
pen deviation at 400 gain. Proiein concentrations of the microsomal
caxnples renged from 38 to 6C mg./td. In addition to the ESR differ-

ences just mentioned, the microsoral acetenilide hydroxylase activity

of these three fractions wac 2sssyed and found not to differ statisti-

ical specira of these three groups

fr“

cally. When the reduced-dirzct op
wore gtudied at liquid nitrogen tcmperatures, no significant differ-
wness were apparent; the optical ppecira are compared in Figure 19.

The three respective ret liver microsomal fractions which were
isolated following tryptophsn syriolase induction were exsmined by low-
cenperature ESR technic. Ths sigral heights of microsomal rek, mEng. Y-
cse end free radicals were coupercd in the seme method (88,89) of
stendardizing ESR signal heizht por mg. microsomal protein. No‘stat;s-
“ically significant differerce was found emong the three goups of rat

iiver microsomes: tryptophen-injected, cortisone-injected and the

physiological saline-injected {cortrol) animals.
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FIGURE 5.  ESR derivative spectra of the various mouse tumors and

iver and cardiac tissue, all whole-tissue samples. Magnetic

b
o
B
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field surength in gauss increases Ircm left Lo right, and the arrows

indicate the g-value of the free elesctror, 2.0023,
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FIGURE L, ESR derivative spectra ol the various mouse tumors, whole~
tissue samples. Magnetic field strength in gauss increases from left

o right, and the arrows indicate the g-value of the free electron,

o

2.0023.
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e AT g

FICUHE 5.  ESR derivative spectra of th: various mouse tumors, whole-
tissus samples. Magnetie field strength in gauss incremses from left

to rizht, aud the arrows indicate +the g-7alue of the free electron,
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Z3R derivative spectra o thes various mouse tumors, whole-

le Magnetic field strength in gouss increases from left

whe g-rzlue of the free electron,
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ous mouse tumors, whole-

FIGURE 7. ESR derivative spectra of th: vari
tissue semples. Magnetie field streugth in gauss increases from left
e right, and the arrows indicate “he g-~ralue of the free electron
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FIGURE 8. ESR derivetive spectra o miocchondrial fractions, of

noraal mouse liver (A) and of hepatona (3) wached twice with isotonic

crivative spectra of ths sume nommal liver mitochondria
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(C) exd hepeioma mitochondria (D) after =ix such washings. Magnetic

srength increases from left to richt, and the g=-values of im-

n

poriance are designated by arrows.
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Srotein concentrations ol th: four samples are all about

50 mg./al., as determined by the biuset riethod,
e & 2 y
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SIUUAT 2. The theoretical ESR derivatise spectrum of microsomal Fe

™
with the characteristic absorption: i g =2.25, end §m=2.#1 and 1.91.

N
‘e

The cctzhedral configuration of this hem: protein resulits in this

asymostric ESR spectrum of microsciial Fe  in the frozen state, and

e

-

g=valuss for doth parallel and perpendicular orientation are illuse-
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#CURE 10, ESR derivative spectra of noxmal (&) and neoplastic (B)
mouse ilver smooth-surfaced microscuics. Protoin concentration in

these Two sumples is approximately soual, around 50 mg./ul. Hagnetic

oY S

5

field sirenzih increases from left to right, =nd g-values of import-

ence are designated by arrous.
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FIGUAZ 11. ESR derivative spectra of normal (A) and neoplastic (B)

mouse liver rough-surfaced microsoues. Jrotein concentration in
hese two samples is approximately egual, around 55 mg./mi. Hagnetic

field zirength inecreases from lefi io rizht, snd e-values of import-
< - -

ance ers designated by arrows.
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TABLE 2. Tne ESR signal intensitices ol mousze
Ter. wicrozcuss, per mg. microsomel protoin.
conserrod with ferric (high—spin) Iron in the

9

L meeazures the fres

gignalc are measurements of microscmel Fo

radicel conusnt, and

liver and mouse hepa-
The g =4.3 signal is

i
uicroscmes, the gmfZ.OO

the gm=2.25 and 5 =1.91
m
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TABLE 3 Chemical analyses of tl.c smorth~ mnd rough-surfaced micro-

somal Ifractions of normal mouse liver and mouse hepatoms.
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FICURT 12. The reductive titration cxperiments with normal mouse

Addition of UPWH or TPNH 4o the smooth-

liver znd hepatcma microscmes.

mal fractions resulted in the enzymetic reduction of

©
4
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&
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o
s
=
2o
e}
n
O
B

signal height. When the an-
neroble gystez was then exposed to zir, reoxysénation would cceur,

with oxidation of microsomal Fe brci: to the paramagnetic ferrie form.
X
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4. Reduced-direct optical specta of liver microsomes of

»)
=
ol

A,

FIGUZ

rabbit, mouse, beef and rat at liquid nitrogen temperatures. The
smooth—-surfaced microsomal fractions wer: used in the case of rabbit
end mouse liver spectra, while the combined smooth- and rough-surfaced

fraction was used in the case of beel and rat liver preparations.
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Zleciron micrograph of normel mouse liver rough-surfaced
microscmal fraction, fixed with 1% osmium teiroxide and stained with
urenylacetate and lead. Magnification 45,000X. This micrograph was
taken through the generosity of Dr. Kekefuda, City of Hope Research

Center, Duarte, California.



I S ——




64

FIGURE 6. 4 second electron micrograph of normal mouse liver rough-
surfaced nicrosomal fraction, fixed with 1% oamium tetroxide and
stained with uranylacetate and lead. Masgnification 45,000X, This
micrograph was taken through the generosity of Dr. Kakefuda, City of

Hope Research Center, Duarte, California.
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Antimycin A inhibition studies of supposedly "pure" mouse
liver rough-surfaced microsomal fraction. Microsomel respiration is

followed spectrophotometrically by observing the rate of reduction of

exogenous cytochrome ¢ at 550 mu.



0.8

£ 550 mu

o—e Microsomal system
&—a Antimycin A gdded
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FIGURE 18. ESR derivative spectra of normal fat liver, host rat
liver, and "minimal deviation" hepatoma 5123-B, microsomal fractions.
Protein concentrations were 51, 41 and 57 mg./ul., respectively.
Hagnetic field strength increases from left to right, and g-values of

importence are designated.
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TABLE 4. The ESR signal intensities and acetanilide hydroxylase

activity of normal rat liver, host ret liver, and "minimal deviation'
hepatoms 5123-B, microsomal fractions, per mg. protein. The mean value

repressnts the average of twenty microsonal ssmples.
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FIGEE 19. FReduced-direct optical spectia of microsomal fractions of
normal rat liver, host rat liver and hepatoma 51235-B. Protein concen-

tration was 15 mg./ml. in all three cases.
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D. Microsomal Marganese Isolation

After trypsin digestion @nd Emasol treatment as outlined in
Figure 2, the pale &ellow agueous phase was found to have a six-fold
increase in microsomal mangsnese; this was determined by the sm=2.18
Z3R signal height/mg. protein. Further treatment with sodium choleaste
extracted more microsomal menganese from the sediment, so that the
second aqueous fraction had a two-fold inereasse in microsomal mangar -
¢se, when compared to the starting meterial.

A typical low-temperature ESK derivative spectrum of beef liver
microsomes with a concentration of 535.5 mg. protein/ml. is depicted in
Figure 20 A. The ESR spectrum of the aqueous phase of microsomal
wanganese efter trypsin digestion and kmaesol treatment is shown in
Figure 20 B; the protein concentration is 5 mg./ml.

Further charecterization of this squeous microsomal manganesse
fraction has not been carried out. Reduced~direct spectrophotometry
et liquid nitrogen temperatures (39) gave no interesting information.
The manganous ion could be separated from its protein moiety by pass-
ing the microsomal mangenese fraction through Chelex or Sephadex G-25
chromatography columns; ESR analysis of the concentrated protein after
passage through these columns shoved loss of the characteristic low-

temperature manganous ion signal.

Microsomal respiration was found not to require manganous ions.

The presence of 1 mM mangancus chloride added to Strittmatter’s
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system (132), as measured by reduction of exogenous cytochrome &y re-
peatedly inhibited rather than enhanced the oxidation-reduction activi-

1y of the microsomal electron transport system.

E. Inorganic Menganese Studies

Typical low-temperaturc sund room-temperature ESR spectra of
various manganous compounds and complexes are summarized in Figure Z1.
In each case, the manganous ion concentration is ‘lO-'5 M. Vhen com-
pared o the characteristic manganous six-line absorption at room
temperature, the differences in tlie low-temperature curves are obvious.
The manganous cyanide complex is an exception, where no signal is seeﬁ
at either -180° C. or room tenperanture.

Hydrochloric acid was sdded fo a constant concentration of 10-5 M
menganous chloride; the resulting ESR low-temperature spectra are de-

-
picted in Figure 22. As the Cl /Iln  ratio increases and the pH drops,
the mangenese spectra demounstrate not only the characteristic broad
signal superimposed on an increasing six-line spectrum, but resolution
of hyperfine structure among the nix lines becomes apparent. This
same phenomenon is seen when lithium chloride or sodium chloride is
added to mangenous chloride, sulfuric acid or excess sulfate ion is
added to mangenous sulfate, or phcesphoric acid or excess phosphate ion
is added to mangenous phosphate (4).

Addition of water to a relatively "water-fres" alcohol solution
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tends to also increase the Lyperfine resolution of the low-temperature
gix~line manganese signal. The elfect of adding water to a relative-
ly‘"water-free” solution of mengenous chloride dissolved in N,K-
dimethylformemide is seen in Figure 25. There is an apparent increas-—
ed resolution and overall signal height, when water is added.

The effect of proteins of varying molecular weight on the mangay-

>

ous low-temperature ESR signal is seen in Figure 24. Proteins of 10~
M concentration were each dissolved in aqueous solutions of 10“5 M
nanganous chloride. Molecular weight varied from 5,600 for protamine
sulfate (salmine) to 67,000 for bovine albumin; the other proteins
used were cytochrome ¢, /6-1actoglobulin and ovalbumin. Increased
hyperfine splitting is apparent ac the manganous ion is associated with
protein molecules of incressing size. This hyperfine resolution of
the ESR signal seeus to‘be essocicted with the surface area of the
protein molecule, as illustrated in Figure 25, where the same surface
ares. of three different proteins was exposed to the same concentration
of manganous ion.

The experimental phosphoric scid titration curve, in the ebsence
end presence of 50. wmoles of manganous ion, is depicted in Figure 25.
The effect of mangenese was mu&h less marked when only 10 or 20 umol:=s
of menganous ion was present in the titration mixture. Arrows desig-
nate the points along the titraticn curve at which microsamples of
solution were taken for low-temperature ESR analysis.

The ESR spectra of thess microsamples are shown in Figure 27.

The phosphate anion species which, in association with the manganous



ion, is responsible for the low-t:umperature six-line spectrun is
decreased in sample D and disuppears altogether in sample E. The
superimposed broad signal, which has a peak-to-peak line widih of al-
most 600 gauss in samples A, B andi ¢, concomitently disappears with
the six~line component in spectra D and E. The broad signal arising
in semples I and G has & peak-to-peak line width of about 300 gauss
and a different shape, and this signal must represent a different

manganous ion~phosphate anion species.
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FIGURE 20. Typieal low-temperature LESR derivative specira of besf
liver microsomes (A) and the microeomal manganese aqueous fraction (B)
after trypsin digestion and Fmasol sclubilization. Protein concen~

tration

[

are 53.5 and 5 mg./ml., respectively. DMagnetic field
strength increases from left to right, and the important g~values are

designated.
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FIGURE 21. Typical low-temperature end room-temperature ESR deriva-

tlve spectra of various mangenous compouwnds and complexes, where the
mangenous ion concentration was always 10-5 M. The gains vary from
one éample to the next.

Magnetic field strength inercases from left to right in
all of the spectra, and the 600-gauss signal is always centered at

g=2eoo .
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IGURE 22. The ESR low-temperature specira of samples of increasing
chloride fon/manganous ion ratio. lengenous ion concentration was
10 2 ¥ throughout.

Magnetic field strength: incrcases Tfrom left to right.
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FIGURE 25. The ESR low-temperature specira of samples of "water-free"

menganous chloride in Ny,N-dimethyliormemide, before and after addition

8

of watler.

o,

Kagnetic field strength increzses from left to right.
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24, The ESR low-temperature specira of samples of 10 2 M

-2
protein in the presence of 10 7 M manganocus chloride. The molecular
weignhte of protamine sulfate, cytochrome ¢, /3—lactoglobulin, ovalbumin
and bovine albumin, respectively, arc listed in order of increasing
molecular weight.

lagnetic field strength incrcases from left to right.
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FICUIE 25. 4An ESR low-temperature soectrum of manganous ion in
asgoclatlon with protein. The molarity required for an equal surface
area was calculated in the case of protwiine sulfate, cytochrome ¢
end bovine albumin. Resolved hyperfine structure, measured by the

4B/CD ratio, compares the interacticr of the manganous ion with the

same surface area from three differert protein molecules.



lﬂlb
A
)
D 3
1L'
B
Resolution M required
(AB/CD ratio) M. W for equal S.A.
86.5/32=2.7 5,600 5.3 x 107 M
43.5/16 = 2.7 12350 3.0 x 107% %
79.5/21=3.8 67,000 .0 x 107° M

| x 107 M MnCl, used throughout



79

The experimental phosphoric zaeid titration curve. 2700

Amoles of buse was added gradually to 900 umoles of phosphoric acid.

in the presence of 50 umoles of manigancus ion added in the form of

mengancus phosphate, less phosphoric acid was required to maintain a
constart concentration of 900 umoles in the titration mixture.

Lrrows designate the points along the titration curve at

which microsamples of solution were teke: for low-temperature ESR

analysis.
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FIGURE 27. Low-temperature ESR soccira »F microsem les taken at 4he
Fovbam 2f D I

seven points along the phosphorie¢ acid titration curve. Because of &
large increase in signal intensity, the last two samples were exemined
at lower gain. DManganous ion concomtration remains constant, while

the phosphate anion species is changing throughout the titration.

Magnetic field strengtihi incrsases from left to right.
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IV,

The mouse cardiac muscle whole tissue in Figure 3 has an ESR
signal typical of heart tiscuc from other species and is primarily
made up of absorptiong from the components of mitéchondria (7). Toxr-
mel mouse liver gives a sigral which is a summation of absorpiions
from mitochondria and microsomes, but in the hepatoma BW 7756 a weak
nitochondrial absorption predecminctes, indicating a loss of parameg-
netic substances relatively gzrsater for mierosomes than for mitochon-
dria. This observation has bosn confirmed by whole tissue electron
microscopy of this mouse hepatoma, when compared to normal mouse livsr
from the seme mouse strain.”

Without normal tissue with which to compare the other twumors, it
is difficult to generalize s=dout characieristic differences between
the ESR spectra of normal and neoplasiic whole tissue. However,
certain observations can be mede. All tissues, normal and neoplastic,
have absorptions in the region of g=2 et --165o C., in contrast to

their properties at room temperature (25). The hemangioendotheliocmea

in Figure 3, the spindle-cell sarcomas in Figures 4 and 6, and the

# Unpublished data of work done ir collaboration with Dr. T. Kakefud:,

City of Hope Research Center, Duerie, Celifornia.



csteogenic sarcoma in Figur< & are all characterized by a fairly
rarrow, intense absorption in the region of g=2.03, possibly due to
cupric copper (8). In Figurss 5 tnd 6 the melancmas show sireng,
narrow absorptions at g=2.00, almost certainly due to the presence of
nelenin (76). The mammary cdenocurcinomas in Figures 5 and 7 show
uarkedly different spectra. lNammery adenocarcinome H 2712 has a re-
markably strong signal probsbly of the free radical type at g=2.0C,

d br B has a highly differentiated spectrum of a hitherto unobserved
types, and Ca D1 and BW 10232 zppeer to have related spectra, although
only the latter has absorption in the g=4.3 region. It is obvious ihat
each of the ESK spectra of these vhole tumors could require substantii-
8lly more investigation (88).

This mouse tumor whole tissuc survey utilizing ESR spectroscopy
at low temperatures directly contiadictsd the room-temperature work »>7
Commonsr and Ternberg (25); there is little basis for their conclusions
end speculations. Our qualitative study thus pointed out the useful-
nees of low-temperature ESR analycis as & promising new tool for ob-
serving comparative differernces between normal and neoplastic bioclogi-
cal material.

t is probable that the modified Schneider preparation of mito-
chondria (127) from normal mouse liver and mouse hepatoma BW 7756
ives a fraction grossly contaminaied with micrbsomes, because the EZR
absorption at g,=2+25 due to microsomal Fex can be slowly washed out

of the mitochondrial fraction, as secen in Figure 8. This difficultiy
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to separate subcellular orzumnzlles in the mouse liver will be referred
to asgein later in this discussior. It is evident that there are xno
nificant paramagnetic diffsrences between normal mouse liver and
mouse hepatoma mitochondriaz, once the microsomal contamination haa heen
substantielly removed.

The characteristic microzomal ESK spectra seen in normal umouse
liver in Figures 10 and 11 are similar to those observed with purified
rabbit liver microsomes (6i), as well as microsomal fractions from
beef, rat and dog.pg Generaily, the free radical absorption at g =2.00
is of somewhat greater inteansity in the mouse than in rabbit liver
(61,88) or rat liver (89). The absorption at gmfé.ﬁ, seen in the

rough microsomes in Figure 11, is known to be associated with hizh-spin
{ioniec) iron (126).

The differences between the ZSR signals of normal mouse liver ~nd
mouse hepatoma microscmes ia Tabls 2 could not be correlated with
enalytical differences for total iron, non-heme iron, pyridine hemo-
chromogen or cytochrome b., as listed in Table 3. Cytochrome b_. cor-

=5 >
centration was found to be decreased in mouse hepatoma microsomes, but

cytochrome b_ does not give an ESR signal under the conditions of

these experimenis. The fact that there are always apprecisble amountis
of heme iron other than that accounted for by cytochrome 25 strongly
suggests the presence of one or more other microsomal c¢cytochromes, and

this hypothesis is being investigated in our leboratory. Heme iron

other than that accounted for by cytochrome §5 has a varieble concei-

% Ylork from this laboratory to be published.
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tration in normal and neoplastic smooth microsomes and normal and neo-
plastic rough microsomes; therefore; there seems to be no correlation
between this unaccounted-for heme iron and the large concentration
decrease seen at gm=2.25 in the mouse.hepatoma microsomes.,

There is a discrepancy in the proportional change of signal
height at gm=2.25 and smf1.91; in normal mouse liver and hepatoma
nicrosomes the gmf2.25/sm=1,91 signal height ratio is .98/.23 = 4.25
and .31/.10 = 3,10, respectively. Since in other work with smooth-
surfaced microsomes from normal rabbit liver (150) the temperature
dependency and relative heights during reductive titration were shown
to be identical for the three peesks ascribed to microsomal Eex, the
differences in relative heights now observed may be important. They
could be due to a change in the nature of the heme binding, or to a
contribution by some other absorption in the sm=1.91 region to the
hepatoma microsomal Fex absorption.

The apparent increase in free radical concentration in hepatome
rough-surfaced microsomes, judged by signal height at gmf2.00 per mg.

protein, has an unknown significance.

The large diminution in the gm=2.25 ESR signal in mouse hepatoma
microsomes could be due to (a) change in chemical binding, (b) change
in the oxidation-reduction state, or (c) concentration decrease, of
microsomal Fex. Denaturation by heat or acid irreversibly destroys
microsomal Fex, as detected by ESR; the gm=2.25 signal disappears with

the appearance of a large gm=4.§ signal. This may meen that paramag-
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netie iron, in its special structure of particulate microsomal Fex (as
diagrazmed in Figure 9), has been released by denaturation to the
soluble, highespin (ionic) ferric form. A proportionally smaller
gmu#.ﬁ signal in the mouse hepatoma after similar denaturation strong-
ly suggests a neoplastic decrease in the amount of microsomal Fex
rather than a mere change in chemical binding. In the enzymatic re-
ductive titrations shown in Figure 12, any éhange in the redox potential
between normal mouse liver end hepatome microsomal Fex can be ruled out.
The rate of reduction, rate of reoxygenation, and the substrate prefer-
snce appears identical when measured bj the ESR gm=2.25 signal height;
only a large concentration decrease in the hepatoma is apparent. The
conclusion of these studies, then, is that mouse hepatome microsomal

Fex is markedly decreased in concentration, when compared to normal

mouse liver microsomal Eex.

In Figure 13, with enzymatic reduction of the normal mouse liver
microsomes by TPNH, there is a discrepancy in the sm=1.91 region of the
ESR spectrum. With respect to the signal heights at sm=2.41 and gmn
2.25, microsomal Fex is reduced by TPNH (from the paramagnetic ferric
to the diemagnetic ferrous form); the absorption decrease of micro-
somal Fex at sm=1.91, however, is cancelled out by the presence of
another compound which develops an ESR signal on TPNH reduction. 4
biological material with these properties has been reported (6,7,9),
and this mitochondrial non-heme iron component characteristically

appears at g=1.94 on DPNH reduction. Mitochondrial contamination of
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the mouse liver microsomal fraction must therefore be considered.

This discrepancy in the Sm=i°91 region of the ESR spectrum could
also account for the difference in the previously mentioned gmf2.25/
: sm51e91 signal height ratio betwe:n normal liver and mouse hepatoma
microgomes. This observation could be explained by an inecreased
amount of hepatoma mitochondrial contamination, some of which is
reduced, thus giving a large ESR absorption in the sm=1.91 region; the
resulting gmf2.25/ém=1.91 retio would thus be lowered in the hepatoma.

The reduced-direct optical curves of rabbit, mouse, beef and rai
liver microsomes at liquid nitrogen temperatures are shown in Figure
14. In each type of animal liver a shoulder in the 600 mu region can
be seen, while a lérge peak at 599 mu is persistent in normal mouse
liver microsomes. This region is suggestive of an a-type cytochrome,
while there is no evidence for the presence of mitochondrial cyto-
chromes b or ¢. The hepatona microsomal fraction gives an identical
optical spectrum, except for an overall diminution in concentration.
Carbon monoxide saturation of the reduced mouse liver microsomes in the
absence of light produces the characteristic band at 450 mu, called
P-450 end postulated to represent a new microsomal cytochrome (91).
The absorption pesk at 599 wu does not change in size with cerbon mon-
oxide saturation of the reduced microsomes, however. This evidence
strongly suggests that we are dealing with an a-type cytochrome, rather
than cytochrome 55 (the latter reversibly binds with carbon monoxide in
the absence of light (151), causing a decrease in the 600 mu region).

The question then arises as to whether we are observing mitochon-

drial cytochrome a contamination of the mouse liver microsomal fraction
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or the presence of & new a-type microsomal cytochrome. The fact thet
no mitochondrial fragments were observed by electron microscopy camiot
by itself rule out mitochondrial contamination. Figures 15 and 16 ere
only two examples of many electron micrographs in which mitochoﬁdrial
contemination was never observed.

Cytochrome oxidase activity, detemined by Warburg manometry (64)
and confirmed by enzyme kinetics spectrophotometrically (82), is
claimed to be the best method for determining the presence of the m’to-
snondrial electron transport chain in any biological preparation. Iy
these technics, then, it is concluded that the mouse liver microsomal
fraction was contaminated with 3 to 14% mitochondria, relative to
protein concentration. Further confirmation of this contamination
came with the antimycin A studies; entimyein A is a known inhibitor of
the mitochondrial oxidation-reduction system (132). If no mitochondri-
al electron chain conteminetion were present, addition of antimycin 4
would have no inhibitory effect o1 a microsomal preparation. The
partial inhibition, as seen in Figure 17, supports the idea of mito-
chondrial contamination of the mouse liver microsomal fraction.

In Figure 14 it is possiblé that the mouse microsomal cytochrome
25 is obscuring the presence of mitochondrial cytochrome b contamina-
tion. 4 few shoulders in the optical spectra of the mouse and beef
liver microsomes do suggest that some substance other than pure cyto-
chrome 25 must be preéént. Mitochondrial cylochrome ¢ is the most
freely diffusible, most soluble and easiest to extract of all the mito-

chondrial cytochromes, so that loss of this cytochrome into the soluble



phese would be quite likely during the microsomal preparatory pro-
cedure. Cytochrome 33 (eytochrome oxidase) has been shown to be
present in this mouse liver microsomal fraction by Warburg menometry
end enzyme Kinetics, although it could not be demonstrated by carbon
nonoxide binding. Thus, it can be rationalized that we are seeing
mouse liver mitochondrial contamination in the form of cytochrome a at
599 mu in the reduced-direct opticael spectrum, while the other mito-
chondrial cyitochromes are either obscured by the large absorption
peaks of microsomal cytochrome 95? or the other mitochondrial cyto-
chromes have been washed out of the microsomal fraction during the
differential centrifugstion procedurse.

In Figure 14, there is very little 5pectrophotometric absorption
in the 600 mu region of the rabbit, beef or rat liver microsomel
fractions, prepared by the same method as the mouse liver microsomes.
Microsomal contamination of the mouse liver mitochondrial fractibn vas
discussed earlier, and the results of washing the mitochondria free of
microsomes are seen in the ESR spectra of Figure 8. The mouse liver
therefore seems to be a good example of a tissue whose subcellular
components have a strong affinity for each other. Preparations of
mitochondrie (127) and miecrosomes (46) which may prove to be homogen-
cous in one tissue might not necessarily produce satisfactory separs-
tions of other tissues, or of the same tissue from other animal
species. Mitochondria, microsomes and other subcellular components are
not always separated like so many marbles of varying sizes within a

cellular sack.
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These studies with mouse liver suggest this difficulty of subcell-
ular organelle preparations end further show that electron microscopy
is unable to establish homogeneity at the molecular level. The assays
of cytochrome oxidase activity (64,82) and antimycin A inhibition
studies (132) are thusvshown to be valuable in determining degree oo
mitochondrial contamination of a biological material, while low-
temperature ESR spectroscopy (87,38,89) is shown to be a valuable
technic in determining the degree of microsomal contamination of a
biological material. In the liquid nitrogen optical specira of liver
microsomes in Figure 14, perhaps the absorption in the 600 mu region
is a Pfurther index of the degree of mitochondrial contamination. Tle
presence of an a-type microsomal cytochrome remains a possibility, but
this is very unlikely in the presence of proven mitochondrial contami-

nation.

The imporiance of studying differences between normal and necplas-
tic cells in "minimal deviation® fLumors was previously emphasized, co
that the three- to four-fold concentration decrease in microsomal FeX
of the Morris "minimal deviation" hepatoma 5123-B now becomes highly
significant. Since the free radical concentration is now not signifi-
cantly different between the microsomes of normal rat liver and rat
hepatoma 5123-B we may conclude that the increased free radical content
observed in the more anaplastic mouse hepatoma rough-surfaced micro-
somes is probably not important in the study of the initial events of

carcinogenesis, but rather an unexplained, secondary change (113). The
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importence of intracytoplasnmic information (10,11,30,81,129,130) and
early changes in the endoplasmic reticulum (17,45,56,80,109) during
carcinogenesis was previously emphasized. Therefore, differences be-
tween microsomal fractiohs of noraal rat liver and a "minimal deviation”
hepatoma may be important in studying which mechenisms operate in
ziving & normal cell the "information” necessary to initiate malignant
transformation.

In Table 4 acetanilide hydroxylase activities do not differ sig-
nificantly between normal rat liver, host rat liver and the "minimal
deviation” hepatoma. This important enzyme ocours in the microsomal
oxidétion-reduction chain ac one of the liver's detoxifying mechanicus
to handle drugs given to the animal (72). Animals with hepatomas have
been reported (1) to be more easily affected by certain drugs, presum-
ably because of the neoplastic deletion of the necessary detoxifying
enzymes. The fact that many drug metabolizing enzymes are deleted Ifrom
hepatomas (28,46), while acetanilide hydroxylase activity is not dimin-
ished in hepatoma 5123-B, further points out the similarity of this
"minimel deviation" tumor to normal rat liver. Microsomal FeX hes
élso been postulated to be impoftant in the microsomal eiectron trans-
port chain (61,150). When the "minimal deviation" Morris hepatoma
5123-B is compared to normel rat liver, however, no significant differ-
ence in acetanilide hydroxylase activity is seen. This observation,
plus the fact that there is a large concentration decrease in hepatoma
microsomal Fex, suggests that acetanilide hydroxylation is a microsomal

function apparently independent of the microsomal Fex electron pathway.
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As previously discussed, hepatoma 5123 was unable to respond to
tryptophan pyrrolase induction (104,105). Breakdown of tryptophan to
kynurenine in the mexmalian sysiem requires, emong other things,
manganous ion and hematin (41,104). Tryptophan pyrrolase is a heme-
containing enzyme, so it is tempting to speculate that perhaps micro-
somal Fex is Phe particulate sourse for the hematin necessary in
tryptophan pyrrolase induction. ‘Vhen tryptophan pyrrolese induction
was attempted, using the same rat strain and same experimental pro-
cedure (21), however, no paramagnetic differences between the trypto-
phen-injected rats, the cortisone-injected animals and the control
rats were found. It is therefore concluded that, although microsomel
Fex concentration is very small in hepatome 5123-B and trypiophen
pyrrolase induction does not occur in hepatoma 5123, no correlation
belween these two observations could be found by low-temperature ESK
technic.

Microsomal manganese, as measured by ESR signal height, is listed
in Table 4; the "minimal devietion" hepatoma 5123-B has two-fifths the
microsomal mangenese of normal rai liver, when related to protein con-
centration (69). It is further tempting to speculate that tryptophan
pyrrolase induction may be influerced by the concentration of micro-
somal manganese--which is a parsmegnetic measurement of this cation
associated with the endoplasmic reticulun membranes. However, trypto-
phan pyrrolase cannot be induced et all in hepatoma 5123 (104,105),
while the presence of manganous ion can be seen in hepatoma 5123-B by

ESR. Thus, any influence of the microsomal manganese concentration
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on the fact that tryptophen pyrrolese induction does not occur in hepa-
toma 5123 could not Be determined by low-temperature ESR experiments.
These studies with rat liver and "minimal deviation" hepatoma
support the fact that there is a concentration decrease of microsomal
Fex in hepatomas. Microsomal mengsnese in hepatoma 5123~-B is two-
fifths that of normal rat liver, while no difference in free radical
content exists between normael and cancerous liver. The microsomal
enzyme glucose-6-phosphatase in hepatoma 5123 is one-third to one-half
that of normal rat liver (145). Oertainly morphological changes occur
early in the endoplasmic reticulum during the process of carcinogene-
sis (17,43,109), but it is difficult to evaluate and predict the
significance of differences like these observed in thé microsomal
frection of a "minimel deviation" tumor. The fact that cancer may be
initiated by "multiple pathways" (12) is also a possibility one must

kesep in mind.

The relationship of the manganous ion to the microsomal membrane
I has been difficult to determine. By trypsin digestion and Emasol
treatment, the resultant aqueous phase was purified six-fold, as
determined by manganese ESR signal height per mg. protein; the low-
temperature ESR spectra of microsomal manganese before and after this
purification are shown in Figure 20. The ESR spectrum of superimposed
microsomal Fex can be seen in the starting beef microsomes; while this
particulate component is not present in the microsomal manganess

aqueous fraction. The fact that the menganous ion can be separated
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from its protein moiety when chromatographed on Chelex or Sephadex
G-25 gel suggests a very weuk typs of bonding between the divalent
cation and electronegative areas of the protein.

Trypsin digestion, lubrol solubilization, sonication and the
Mickel shaker are all methods which can be used in breaking dowﬁ thi
microsomal membranes and isolating a manganese fraction. The same
question of all these methods is raised, however--is the structural
relationship of manganese to the microsomal membrane in vivo and in
vitro the same as that in the isolated aqueous fraction? Further iso-
lation and characterization of microsomal manganese rem;ins 1o be done.

Addition of manganous ion to the mouse liver microsomal systen
did not enhance microsomal respiration. In the microsomal reductive
titrations, too, the ESR manganous signal always remained stable. The
redox potential of the stable d5 manganous ion oxidized to the mengznic
form is +1.5f volts, far above most cellular reactions of -0.32 to
+0.36 volts. Possible mélecular relationships of cellular manganese
have ?een studied and proposed (56,75), however, in which the redox
potential of a manganese compound can be considerably chenged by con-
plexing the cation with some organic molecule or macromolecule. iiost
likely the manganous ion functions as other divalent cations probably
do--stabilization of negative charges along cellular membranes. It has
long been known, for example, that the structure of isolated mitochon-
dria is preserved by adding manganese in trace amounts to prevent

swelling (29).
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Low-temperature ESR spectra of the menganous ion in various con-
pounds end complexes are markedly different from the corregponding
room-temperature solution spectre, as seen in Figure 21. The gain is
variable, as is the anion/Mn++ ratio, so no conclusions can be drawn
from this figure. These spectra were early data and led to further
experiments in an attempt to determine the cause of these observations.
Generally, six absorption lines over & range of 600 gauss are always
seen, centered about g=2,00. In the low-temperature spectrum an
underlying broad signal of a 600-gauss peak~to-peak line width is
usually concomitant with the six-line signal. In the case of high
anion concentrations or very low pH, & hyperfine structure develops,
with a doublet between each of the six absorption lines. 4 very weak,
broad signal occurs in the low-tempersture ESR specira of aqueous
mangenous chloride, aqueous mengenous sulfate, and manganous chloride
in association with /ﬁ—glycerophosphate and phosphatidyl-gerine. The
manganous cyanide complex has no ESR signal at either room temperature
or low temperatures, probably because the cyanide ion has sufficiently
high ligand-field strength to forcibly alter the high-spin d5 mangenous
jon to a low-spin menganous cyanide ( Mn(CN)é-A) state (97), and an ESR
signal is not observed under these conditions.

It can be seen from Figure 22 that as the pH is lowered or the

“anion concentration in solution is raised, the six observed lines of
the menganous ESR low-temperasture spectrum increase in intensity, and
are further reaolved‘until a 16-line spectrum develops (4). This has

been shown with hydrochloric aecid, lithium chloride or sodium chloride
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ss the chloride ion source added %o menganous chloride. Sulfuriec acid
or excess sulfate ion added to mengancus sulfate, and phosphoric acid
or excess phosphate ion added to uwanganous phosphate, also can repro-
duce the same phenomena. It is difficult to fit the low-temperature
gpecira into any onéienergy scheme, since the six observed lines ars
not split evenly; the distance between each absorption varies from
about 70 %o 1207gauss apart, increasing from low to high magnetic
field. However, the fully resolved spectra of the manganous ion in the
frozen state, as in the case of a high anion/Mn++‘ratio, can be explain-
ed in terms of a spin hamiltonian if we consider some of the hyperfine
lines to be due to forbidden transitions (4).

The highly resolved, 16-line ESR spectrum, similar to that seen
with high anion concentrations, can be seen in frozen solutions of
menganous chloride in orgeanic solvents such as ethanol, methanol or
acetons (4). A manganous chloride powder was baked at 200° C. to a
constant weight. When this theoretically anhydrous form was added to
relatively "water-free' doubly-distilled methanol, the hyperfine reso-
lution of the low-temperature ESR spectrum was less than that seen when
water is abundent in the experimental system. The same phenomenon is
observed in the ESR spectra of Figure 23, where "anhydrous" manganous
chloride was dissolved in N,N-dimethylformamide and then water was add-
ed to the system; the same gain is used in all three sfectra; Just the
fact that the manganous chloride powder could be dissolved in the N,N-
dimethylformamide Solvént suggests that enough water molecules were

present in the "water-free" system to hydrate the manganous and chlor-
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ide ions among the organic solvent molecules. We have observed, there-
fore, that when precautions are taken to rid the system of water, tue
hyperfine resolution of the low-temperature ESR signal is decreased.
Perhaps the water molecule is important in the species-complex which
causes the characteristic manganese low-temperature six-line signal
with its underlying broad signal component.

Proteins of increasing molecular weight exert an influence on the
low-temperature ESR manganese spectrum similar to the efflect of higl:
anion concentrations or very low pH. Figure 24 shows greater resolu-
{tion of the low-temperature ESR signal with increasing protein molecule
size. The degree of resolution is best measured by a ratio of signel
heights, for examplé, AB/CD, as illustrated in Figure 25. Thus, it was
speculated that perhaps the hyperfine structure of the low-temperature
rangenese signal could be correlated with the surface area of the
protein environment. Molecular wsight was assumed ﬁo be proportional
to volume, and a relative radius in arbitrary units was calculated for
assumed spheroid molecules of protamine sulfate, cytochrome ¢ and
bovine albumin. FProm this, relative surface areas of each were esti-
mated, and the concentration of each protein required for equal surface
area is listed in Figure 25. The resolution of hyperfine structure
was very similar in all three cascs, being identical in the two lower
wolecular weight proteins, which were casier to dissolve in the
aqueous menganous chloride solution. These results are certainly with-
in experimental error of the system used. The association of the

mangenous ilon with the surfece area of protein molecules is therefore



97

probably similar to the association of the manganous ion with high
anion concentration in causing the characteristic six-line low-
temperature spectrum.

The phosphoric acid titration curve is seen in Figure 26. Each

plateau of the curve represents en equilibrium between two phosphat:

L
H5PO4 concentration are equal; at point D, the midpoint of the second

dissociation, there is an equilibrium between the HPO4 and the HZPOzr

species: at point B the EQPO concentration and the undissociated

species; at point F the P04: and the HFO,  species are equal in concen-

4

tration. At point G, the predominant phosphate species would be the

H2PO ~ ion, while the undissociated H P20, has disappeared for all

b 3
practical purposes. Similarly, the HFO

47 ion would predominate &t

species is in excess at point G. The presence

4

of manganous phosphate appears tc shorten the dissociation plateaus

pvoint E, while the FO

slightly and to make the slopes in between plateaus considerably sicep-
er. This phenomenon indicates that fewer protons are available in the
titration system. The reason is simples in order to maintain a phos-
phate concentration of 900 umoles in the system, less phosphoric acid
(and therefore fewer protons) was added in the presence of 50 umoles of
mangenous phosphate. This also explains why the pHE is slightly higher
in the case of manganous phosphate addition. Most important in Figure
26 is the fact that the predominent phosphate species al any point
along the titration curve can be predicted.

The question of which phosphate species accounts for the six-line

low-temper&ture‘ESR spectrun of the manganous ion is answered in
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Figure 27. The signal remains prominent in samples from points A, B
and C of the titration curve. The six-line signal is markedly reduced
in the sample from point D, however, when the HZPOAf species is half
gone, and total diseppearance of the gix~line signal in the sample
from point E coincides with the total disappearance of the H2P04f ion.
The underlying broad signal, which seems to always occur with the
six-line absorption, disappears with the six-line signal, and 2 broad
signal with a 300-gauss pesk-to~peak line width develops in intensity
es the other signal disappears. This narrower broad signal has the
same characteristic shape as the ESR spectrum of manganous phosphate
( Mh5(PO4)2 ) powder. &s mentioned previously, the procedure for
meking mengenous phosphate powder was combining dilute manganous chlor-
ide with concentrated phosphoric wcid, with precipitation end washing
at an alkaline phk (59); by this mcothod complete purity is difficult <o
obtain because of slight contemination with hydroxyl and chloride icus
in the flocculent menganous phosphate precipitate. In the experimental
titration system, a similar white flocculent precipitate appears at
about pH 9 and a different brown powder appears in very small amounts
above pH 10. The white substence most likely represents a mixture of
manganous phosphate with hydroxyl ion contemination, while the browm,
metallic-appearing precipitate must represent diamagnetic manganese
oxide ( MnO_ ).
2

The interpretation of these ESR results is therefore clear. The

univalent anion is that phosphate species which, in association with

the manganous ion, accounts for the commonly observed 8ix~-line ESR
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spectrum. The underlying broad signal of 600 gauss peak-to-peak line
width which is always associated closely with the six~-line signal iu
not well understood. The broad signal of 300 gauss peak-to-peak line
wvidth is the Mn§(P04)2 species, which visibly precipitates in the
gsystem above pH 9. The number of wnivalent anions which associate
with the manganous cation cannot be determined; the formula M e
(HZPOAf)x(Hzo)y can be written, where x + y = 6 for octahedrally
coordinated manganese. The most leasible value of x would be 2,
because such an ionic association would result in stabilization of the
divalent cation with & neutral spscies: Mn++'(H B0, LB 0T, .

2 4 ‘2r2h

It should be pointed out that this technic of ESR analysis of
microsamples taken along the course of a reaction can be advantageous
in ceriain experimental situations. When ion concentrations can be
accurately calculated from “he equilibrium or rate constants of well-
controlled systems, ESR microsemple measurements can be & quantitative
method which does not disturb the experimental system. This procedure
would of course be limited to compounds or complexes concerning para-
magnetic species.

Dissociation constants of mengenese complexes (22,75) have been
determined by room-temperature ESR analysis. For example, the six-line
room-temperature spectrum of mangsnese decreases on addition of 2~
phosphoglyceric acid (PGA). From the height of the ESR room-temperature

signal, the dissociation constant

x = ¥ {Peal
{ Mn-Paa]

fidd)
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could therefore be caleulated (75). Dissociation constants of mengan-
ous complexes with malonic acid, glycylglycine, histidine, glucose-1-
phosphate, ADP, ATP and glucose~6-phosphate were similarly determined
by the same érinciple (22). Cohn and Townsend suggested (22) that the
disappearance of the six-line signal in a complex indicates the forue-
tion of a covalent bond. FHowever, this was not the case in Malmstrém's
work (75), sinée the six~line splitting disappears completely in the
mangenese~PGA complex, which has been shown to involve purely ionic
coordination. MeGarvey sugzested and experimentally demonstrated that
the disappearance of the six~line spectrum is due to a line broadening,
which would be expected to occur in all complexes excepi possibly those
having & very high degree of symmetry (78). In this thesis, the pro-
cedures of low-temperature analysis and microsamples from titration
curves are new applications for studying paramagnetic compounds axd

complexes with ESR speciroscopy.

The study of the envirorment and function of manganese in this
thesis developed from the observetion that the manganous ion wes always
seen in the low-temperature ESR spectra of normal and neoplastic micro-
somal membranes. Other divalent cations such as calcium, zinc and
magnesium, may be present in the microsomes in concentrations more
than, or equal to, manganese, but only the manganous ion is detected by
ESR. The possibility of oxidaticn-reduction function of manganese can-
not be absolutely ruled out, but the results of this thesis melce redox

function for mengenese very unlikely in the microsomes. There is evi-
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dence to suggest a redox fuaction for the manganous ion in the mito-
chondrial membrane, however (19,20). Mangenese is thus postuleted o
be one of several divalent cations which stabilize protein, and perhaps
microsomal membrane protein, surface charge.

From the experimental studies of this thesis, the six-line low-
temperature ESR spectrum seen in aicrosomel fraciions appears to be
caused by the mengsnous ion in association with some anion; protein
surface is the most likely anion source in microsomes. An exemple of
such a relationship of divalent cation to microsomal protein is illus-
strated in Figure 28, where manganese, calcium and megnesium all com-
pose a "stabilizing divalent cation layer" on the surface of the partic-
ulate membrane. &n octahedral configuration of mangsnese is depicled.
The presence of a water shell on protein surfaces (135,144) would
support the observation that decreased resolution of the six-line signal
was seen when precautions wsre taken to remove all water from a mengan-
ese system.

This structural proximiiy of the manganous ion %o the microsomel
mémbrane is a very attractive hypothesis which explains why menganese
may remain at one particular cellular location conveniently available
for enzyme catalysis. Numerous eazymes require divalent cetions for
microsomal reactions. Arginase is an exsmple of a microsomal enzyme
requiring mangenese (18). lucleoside phosphatase is a microsomal en-
zyme activated by magnesium, calcium or manganous ijons (90). The apo-
enzyme of tryptophan pyrrolase is activated from the microsomal

particulate to a soluble form which requires manganese or magnesium in
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FIGURE 28. A postulated relationship of divalent cation to microsomal
protein, where ions such as menganese, calcium and megnesium stabilize

electronegative charge of the particulatc membrane.



——Soluble Cell Sap



105

breaking down tryptophan (104).

The cell is thus seen as a genetic system capable of forming
specific enzymes; this capability may not fully express itself until
required to do so for survival of the cell. Selective formation of
key enzymes of unique metabolic routes enables the cell to adjust to
environmental changes with efficiency and economy. By this same
mechanism, "information" of a carcinogenic nature mey initiate the
steps leading to cancer. Chenges in the endoplasmic reticulum early
in carcinogenesis suggest that this intracytoplasmic locus might be
important in the steps leading to malignancy. Differences between
normal liver and hepatoma microsomes, and structural and funciional
properties of the paramegnetic manganous ion in association with the
microsomal membrane, were studied by low-temperature ESR technic. It
is hoped these findings in the microsomes may be pertinent in the

study of initial events leading to carcinogenesis.
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SUMMARY

A new technic, low-temperature ESR spectroscopy, was applied to
the problem of the initial events of carcinogenesis.

Twenty-nine types of mouse tumors and two normel mouse tissues
were exemined in the frozen siate; the observation of paramegneiic
differences suggested further studies. The major difference between
subcellular components of normal mouse liver and mouse hepatoma in-
volved a neoplastic decrease of microsomal Fex, a newly-discovered
microsomal electron tramnsport substance. Reductive titrations and
reduced-direct low-temperature spsctrophotometry of mouse liver micro-
somes raised the question of mitochondrial contemination, which was
confirmed by cytochfome oxidase assays and antimycin A inhibition
studies. Compared to other tissues, mouse liver was shown to be a
tissue from which it was difficult to obtain highly purified subceliu-
lar fractions. |

Comparisons of rat liver and "minimel deviation" hepatoma 5123-B
reaffirmed the fact that very low hepatoma microsomal Fex concentration
is a constant finding. Microsomal mangenese concentration, as detected
by low-temperature ESR, was elso depressed in the "minimal deviation"
hepatoma. No correlation could be established between (a) the inabili-

ty of tryptophan pyrrolase induction in hepatoma 5123 and (b) the low
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microsomal Eex and microsomal mangenese concentrations in the hepatoma.
A six-fold purification of microsomal mangenese was carried ouf,
but further isolation and characterization has not been done. The
possibility of redox functicn of microsomal mangenese was ruled out.
Inorgenic studies of the environment of the manganous ion led to a
speculation that manganese functions as a divalent cation which stab-
ilizes the charge of the microsomal membrane surface. High anion coun-
centration and low pH seemed to be two factors which cause the charac-
teristic low-temperature ESR mangunese spectrum. The ESR spectrum of
the manganous ion in the frozen state may be explained in terms of a
spin hamiltonian utilizing the occurrence of forbidden transitions.
These observations, developed around low-temperature ESR spectro-
scopy, were discussed as possibly being importeant in the study of

initial eventis leading to carcinogenesis.
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