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ABSTRACT

The Affinity Gel Isolation of Anthracycline Receptive Materials

from the Mouse Heart

The anthracycline antibiotics daunorubicin and adriamy¢in are
both highly active anti-tumor agents in a variety of animal and
human malignanties. However, in many instan¢es the d&linical effeé&-
tiveness of these drugs has been limited by very serious cardiotox—
icity. In humans, the myocardial effects of these agents intlude a
reversible alteration in the eledttrocardiogram whith may océur at any
dose level and more importantly, c¢ardiomyopathy leading ultimately
to irreversible, sometimes fatal ocongestive heart failure.

Daunorubicin and adriamycin bind strongly to double stranded DNA
and interfere with DNA and RNA metabolism both in vivo and in vitro.
It is generally believed that the inhibition of DNA replication and
DNA-dependent RNA synthesis are responsible for the cytotoxic effect
and the anti-mitotic action of the drugs. However, it is not é&lear
why the heart, an organ which does not show signifitant DNA replida-
tion, is the primary site of drug toxicity.

In this study, an attempt is made to determine if there exists,
and if so, to isolate nomnutlei¢ acid "receptor”™ in the mouse heart
using affinity gels. A protein é¢omplex was eluted off the dauno-
rubicin affinity gel after the gel had been incdubated with nucleases-
treated mouse heart homogenate. The isolated substance appears to be
present mainly in the 100,000g supernatant fraction of the heart

homogenate. From Sephadex and SDS-polyacrylamide gel electrophoretic
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analyses, the key drug-recognizing protein has an apparent molecular
weight of approximately 140,000 and appears to have a subunit struc-
ture. This material recognizes daunorubi¢in and adriamyé¢in speé-
ifically and not daunomycinone, the first inactive metabolite of
daunorubicin. It does not have an affinity for other amino ¢compounds
such as histamine, glucosamine and norepinephrine. Since the sub-
stance appears to be a cardiac¢ receptive substante for the cardiotoxié
anthracyclines, binding studies of anti-tumor anthracyé¢lines with
this receptive material in comparison with their in vivo cardiotox-
icity may, in the future, provide a rational basis for synthesis and

selection of nomt¢ardiotoxie¢ anthracyeline analogs.



FIGURE

10

11

LIST OF FIGURES

The Stru¢tures of Daunorubiéin and

Adriamycin.........“.QC.........'.....‘...I......O..O

The Molecular Model for the Anthracycline-

DNA Interaction-oo...-.oc.-o-oo..ocoo...oo0000000Ol'..

The Affinity Gel Synthesis Reaction Sequenceceecescces

The Affinity Gel Spacer-Arm Derivatization

ReaCtioNecececececcscscceccoscccsssssssscscscsssssssscace

The Structllre Of Rubidazoneoo.ooo..oo.oo'oo.oo'oo..o.o

The Structures of the Affinity GelSeesesseccescosssccce

The Flow Diagram for the Affinity Gel

Isolation ProtedureSccececccccccscsccscccssccsscssssscse

The pH Elution Profile of the Daunorubic¢in

Affinity Geloo.oooo'ooclonolt00.00000000000'0000000000

The pH Elution Profiles of the Control Gel and

the Daunomycinone Affinity Geleccecesscssccsccescccsns

The Saturation of Cardiac Binding Sites

With munorubiéin.oo..0Qo'0'00000.0.000‘.....0.0.00.0.

The Sephadex G-75 Elution Profile of the pH 9.0

Eluate of the Daunorubicin Affinity Geleeseceecescecece

PAGE

3

14

30

35

38

40

43

48

53

55

58

vi



vii

FIGURE PAGE

12 The Sephadex G-75 Elution Profile of the pH 9.5

Eluate of the Daunorubicin Affinity Geleeeceeceecssesss 59

13 The Sephadex G-200 Analysis of the Daunorubicin

ReCeptor ProtelNeeccccceccccccscsscsecccscscsscssssssssscsce 61

14 The Sephadex G-200 Elution Profile of the pH 9.5

Eluate of the Daunorubi¢in Affinity Geleceoeosooecoccee 63

15 The Protease Treatment of the pH 9.5 Eluate of the

Daunorubicin Affinity Gel (Control Sa.mple)............ 65

16 The Protease Treatment of the pH 9.5 Eluate of the

Daunorubicin Affinity Gel (Experimental Sample)escececse 67

17 The SDS-polyacrylamide Gel Electrophoresis Migration

Profile of the Daunorubicin Receptive Proteineeeecceses. 70

18 The Intracellular lLoecalization of Daunorubié¢in

Receptive Mterials......O.l"..0'..'0..........".... 73

19 The Sephadex G-200 Analysis of the pH 9.5 Eluate
of the Daunorubi¢in Affinity Gel (100,000 g

Supernatant Fraétion)................................. 75

20 The Flow Diagram for the Receptive Materials

Displacement Experiment by Amino CompoundSeecsscscceces 77

21A Receptive Materials Displacement by

Daunorubicin (Control pH 900 Eluate).-................ 79






FIGURE

21B

22A

22B

23

24

25

26

27

PAGE

Receptive Materials Displacement by

Daunorubiéin (Experimental pH 9.0 Fluate)eecscecescessss 80

Receptive Materials Displacement by

Daunorubicin (Control pH 9.5 Eluate).................. 81

Receptive Materials Displacement by

Daunorubicin (Experimental pH 9.5 Eluate)eecsessscccoss 82

The pH Elution Profile for the Adriamyein

Affinity Gel"'..O...........l...'......0.0.0.'....... 90

The Sephacryl S-200 Analysis of the pH 9.0

Eluate of the Adriamycin Affinity Geleeeeosoosooacsnnse 92

The Sephacryl S-200 Analysis of the pH 9.5

Eluate of the Adriamycin Affinity Geleceoeocoooonoccne 94

The Sephacryl S-200 Analysis of Daunorubicin
Receptive Materials Obtained from the Triton

x-100 Treated 100,000 24 Pellet Fraction...............100

The Removal of Triton x-100 with Bio—Beads SM=2¢eeeeeel02

viii






LIST OF TABLES

TABLE PAGE
1 The Antineoplastic Activities of Adriamycinooooooooooo 5
2 The Antineoplastic Activities of Adriamycin

Against SOlid Tlmors..IQ.0...o00...0...‘...00.....00.0 6

3 The Displacement of Daunorubicin Receptive

Ma-terials by AITIinO Cmpounds.oo.oo.n...o..c....o..oo.. 86






INTRODUCTION

ANTHRACYCLINE ANTIBIOTICS

Unlike many other microorganisms which exist in a more or less
steady-state ecologi¢ niche, streptomycetes ¢an be found in widely
divergent enviromments. Their ability to deal with a vast variety
of substrates and <¢ompeting microorganisms beéome critical fadtors
in their survival. Since the isolation by Waksman and Woodruff of
actinomycin from Streptomyces antibioticus in 1940 (1) and Strepto-
mycin from Streptomyles gresius in 1944 (2), the Streptomyées have
received major attention from the microbiologists and the medizal
professions. Innumerable isolates from soil samples, taken from all
parts of the world, have been systematically scrutinized for the
production of antibiotics. They have ylelded over five hundred
different eompounds from which more than fifty have found practical
applications in human and veterinary medicine, agriculture and in-
dustry, including such important therapeutic agents as c¢hloram—
phenicol, cycloheximide, novobiocin, nystatin and the tetraéyc¢lines.

In 1957, a red pigment-producing colony was isolated from a
culture of s8oil from Puglia, a region of southern Italy. This
mieroorganism was ehristened Streptomyces peuceticus aéc¢ording to
the name of one of the old tribes in that area. The antibiotié pro-
duced by this strain was &odiscovered and named both rubidomytin and
daunomycin; as a compromise, it 1s now designated as daunorubicin.

As soon as the chemical strusture of daunorubiéin was ¢larified and






its antitumor activity demonstrated, a great deal of effort was
expended in the 1isolation of other similar compounds from the
Streptomyces speties. Taking advantage of the high rate of either
spontaneous or induced mutation in S. peucetius, a group of midro-
biologists headed by M. Ghione in Italy isolated Italian variant
strains from this species. This eventually led to the discovery of
a new compound: l4-hydroxy-daunorubicin (adriamyein) from a variant
strain S. peucetius var. caesius. This marked the unveiling of the
development of a new class of very potent anti-é¢ancer chemotherapeuti¢
agents: the antitumor anthrad¢yline antibiotics.

In a series of papers published by an Italian group led by F.
Arcamone in the 1960's, the structure of daunorubicin was deduced
using various chemical identification techniques inc¢luding absorption
spectrophotometry, specific chemical degradation methods, nuclear mag-
netic resonance, mass spec¢trophotometry and optical rotation measure-
ments (4-8). Primarily based on the ¢torrelation with that of dauno—
rubicin, the structure of adriamycin was finally elutidated in 1969
(9). Figure 1 shows the basic structure of these ¢ompounds. They
are composed of a tetracylic anthraquinone chromophore (Naphthaée-
quinone) attached to a six-tarbon sugar, daunosamine, through a
glycosidic linkage. Daunorubicin and adriamycin differ only in one
chemical group; the C-14 methyl of daunorubicin 1is hydroxylated in

adriamycin.
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R=H=Daunorubicin (Daunomycin)
R=OH=Doxorubicin (Adriamycin)

THE STRUCTURES OF DAUNORUBICIN AND ADRIAMYCIN




EFFECTIVE ANTI-CANCER AGENTS

Since the initial paper published in 1963 reporting signifidant
antitumor activity of daunorubicin in ten experimental tumor systems
which included both ascites and solid tumors (10), numerous studies
have been done with both daunorubiecin and adriamyecin showing their
potent inhibitory effects on the growth of a variety of animal and
human malignancies. Clinical activity of daunorubicin has been
primarily demonstrated in acute leukemia (23-25). On the other hand,
adriamycin is effective against a wide spectrum of solid tumors in
humans in addition to its acétivity against disseminated neoplasms
(26). As a class, solid tumors are most resistant to chemotherapy
and many of the solid tumors responsive to adriamycin are poorly or
nomr-responsive to other drugs. Table 1 provides selective data from
a review by Blum and Carter on the clinical use of adriamycin against
human cancers (27). A response was defined in this study as a greater
than 50 reduction in the tumor mass except in the case of atute
leukemia. While none of these response rates approach 100%, it is
important to note that the results have been obtained in many ¢ases
from patients in which other treatments have previously failed. In
an article published in 1975, Gottlieb compiled a table listing the
responses to adriamycin as a single agent in solid tumors based on
all published and reported results through the end of 1973 (27a)
(Table 2). A significant point regarding these data is that they
are based upon single-drug treatments. Many of the most effective

chemotherapeutic regimens for cancer now are based on combinations



TABLE 1

Response Rates

"Breast Cancer 367 L4 /121
Sarcoma 267 L6/176
Lung Cancer 197% L4 /229
Malignant Lymphomas L1 61/147
Acute Leuxemia 247 47/195

The Antineoplastic Activities of Adriamycin (&)




TABLE 2

Diagnosis Number of Number of % Response
patients responses
Breast Cancer 345 129 37%
Bone Sarcomas
Ostecgenic Sarcoma 81 18 22%
Ewing’s Sarcoma / 63 27 37%
Chondrosarcoma 17 1 6%
(All bone Sarcomas 161 46 29 %)
Soft Tissue Sarcomas
Rrabdomyosarcomas 79 21 27%
Fibro- ang Neurofibrosarcoma a8 9 24%
Leiomyosarcoma 37 12 32°%
Synowviai Ce.i Sarcoma 22 7 32°%
Liposarcoma 19 6 32%
Argiosarcoma 16 7 44 %
Undterertiated Sarcoma 16 3 193
Unspecitied anag Misc 130 kil 24%
(Al Sott Tissue Saicomas 357 96 27 %)
Mahgnant Lymphoma
Lymphocylic Lymphoma (LSA) 80 KR} 44" (9% CR)
Histiocylic Lymphoma (RCS) T4 a6 62 % IS CR)
Hedgkin s Disease 116 36 I %(INCR)
Not specitied and Misc 72 40 36 %
(Ail Lymphomas / 342 157 46 %)
Bronchogenic Carcinoma
Sguamous Cell Carcinoma 70 16 23%
Auacr.ocarcinoma 55 10 18 %
Oat Celi Carciroma a3 13 A0
Large Ceil Unditterentiated Carcinoma 40 7 18 %
Unspecthied 162 22 L1an
(Al Bronchogenic Carcinoma 370 68 18 %)
Genitourinary Cancers
Blauder Cancer 121 32 26
Renal Carciroma T3 6 8%
Testicuiar Cancer m 33 4%
Prostate Cancer 27 5 19°%
Gynecolog:c Cancers
Ovanan Carcinoma 84 24 29°%
Cervix Cancer N 7 23N
Uternine Cancer 9 3 KRR
Head and Neck Cancer
Sauamous Ceil Carcinoma 107 20 19%
Thyroid Cancer 39 16 a@s,
Gastroentenc Adenocarcinoma 213 23 1"sS
Maignant AMeanoma 40 1 I

THE ACTIVITY OF ADRIAMYCIN ON SOLID TUMORS AS A SINGLE

AGENT (27a)



of drugs, not the use of single entities. Indeed, adriamycin has
become one of the most important chemotherapeutic agents 1in the

treatment of malignant diseases in man.



CARDIOTOXICITY

As in the case of all cancer ¢hemotherapeutic agents now used
cliniecally, daunorubicin and adriamycin are extremely toxic compounds.
They cause the inhibition of mitotic ac¢tivity and seleetive damage in
tissues that are highly proliferative in post—fetal life. These tis-
sues comprise the proliferative compartments of ¢ell renewal systems
in which a large number of new cells are produced continuously to
replace daily losses of mature components. Consequently, toxicities
such as myelosuppression, stomatitis, alopecia, nausea and vomiting
are usually observed in cancer patients undergoing treatment using
these drugs. However, there 1is one toxic effect that makes the
anthracyclines unique among the other agents used in the treatment
of cancer. The clinical effectiveness of daunorubicin and adriamyein
is, most often, limited by serious cardiotoxiaity.

In humans, the myotardial effetts of the anthracyelines are of
two types. The first type involves an acute and often transient
alteration in the electrosardiogram of the patients whi¢h may oécur
at any dose level (28-32). In a study done by Cortes (32), EKG ab-
normalities developed in 25 of 100 patients during adriamycin therapy.
Such changes included non—specific ST-T ¢hanges, prolongation of
Q-T interval, atrial flutter and fibrillation with atrioventricular
blosk, low QRS voltage in limb leads and poor R-wave progression in
chest leads. The arrhythmias are only rarely of ¢linical consequence
and are not clearly related to the cardiomyopathy (28). The second

type of myocardial toxicity 1is of more c¢linical importance. The






anthracyclines cause an insidious cardiomyopathy affecting a variable
but significant number of chronically treated cancer patients (28-
32). These patients will develop 1irreversible congestive heart
failure eventually if this toxicity 1is not managed properly. The
clinical manifestations of the cardiomyopathy are related to the
cumulative dose administered. When less than 500 mg/Mg has been
given, the incidence of cardiomyopathy 1is reportedly less than 1Z.
Eleven perient of patients given between 501 and 600 mg per square
meter are affected. Among those given more than 600 mg/Mz, the
incidence exceeds thirty percent (33-34). It is for this very reason
that a maximum cumulative dose of adriamyein at 550 mg/M2 was
recommended (35).

Since the introduction of the drugs into ¢linidal use, a great
deal of effort has been put into the development of safe and reliable
clinical tests to preditt on an individual basis the progress of the
cardiotoxic effects induced by the drug treatment. Some of the te¢h-
niques developed included serum enzyme level measurements, echocardi-
ography, ratio of pre-ejection period to left ventricular emptying
time, electroc¢ardiography and endocardial biopsies (36—43). Unfor-
tunately, to date, none of these methods have been proven altogether
adequate (43a). Cardiotoxicity of the anthratyéline antibiotics has
also been demonstrated in a number of animal systems inéluding the
rabbit (44), the rat (45-47), the mouse (48-48a), the hamster (49),
and the monkey (50).

Detailed ultrastructural evaluation of the affeéted myoé¢ardium

from patients and animals receiving either daunorubicin or adriamyein






indicates that nearly all the subcellular organelles of the ¢ardiac
mycocytes are altered (44-51). For example, affeéted myocardium of
rabbits exhibits myofibrillar, sarcotubular and mitochondrial changes
(44). Dilatation of the sarcoplasmié reticulum and the transverse
tubular system appear to be one of the early ¢hanges and correspond
to the vacuolation of myocytes evident at the light miédroséopié level.
Myofibrillar degenerative changes include loss of parallel orienta-
tion, disruption of the 2Z-band registry, spreading or widening of
Z-band materials, fragmentation into tomponent saréomeres, lysis and
paucity of myosin and actin filaments, disorientation of remaining
myofilaments and eventual fibrous replacement. Mitochondrial damages
appear to be a consistent finding in degenerating myoéytes. Early
changes appear to be eharacterized by the swelling of ¢ristae and out-
er mitochondrial membranes. Eventually, mitochondria undergo shrink-
age and condensation and appear as small oval electromdense in&lu-
sions fractions of their original sizes. In general, nuclear altera-
tions are not striking in degenerating myocytes. Nuclear pyknosis
and fragmentation are not observed until late in the degenerative
process, after most of the other organelles have disappeared. The
most obvious nuclear change noted 1is the appearantée of multiple,
large, loosely arranged nusleoli in some myocardial cells.

The general picture of cardiac cell damage is very similar in
the animal models and in humans based on autopsy results of patients
who died from anthracy¢line induted cardiac insufficienéy. Recently,
with the use of the transjugular endomyocardial biopsy tec¢hnique, Dr.

M. Friedman of U.C. San Francisc¢o was able to find evidence of specific
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adriamycin induced myocyte injuries in patients with as little as
180 mg/M2 of the drug, and the damage be¢ame progressively more
severe with higher doses (42). This data further substantiated the
idea that the myoéyte damages observed in autopsy samples were indeed
due to specific adriamycin toxicity on the heart and not nomspecific
changes associated with heart failure or autolysis happening to

tissues after death.
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RECEPTOR SITE UNKNOWN - MANY POSSIBILITIES

Since the discovery of the anthracycline antibiotics as effec~
tive antitumor agents, substantial efforts have been put into the
study of the interaction of these agents with various ¢lasses of
biologically important molecules, in an attempt to obtain an under—
standing of their mechanism of action.

It i8 well established that daunorubicin and adriamycin form a
tight eomplex with double stranded DNA in vitro. The drug-DNA inter—
action can be demonstrated by various biophysical changes occurring
either in the drug molecule or in the DNA molecule. The binding of
the drug to DNA results in a decrease in the absorption and a batho—
chromic shift in its ultraviolet-visible spettrum. The fluorestent
intensity of the drug is also markedly reduced (54). Binding to DNA
alters drug chemistry as well, inhibiting ionization of the phenolié
hydroxyls at alkaline pHs and virtually eliminating the susceptibility
of the drug towards polarographic reduction (54). This strong binding
process saturates at about one drug molecule per five nucleotides
for adriamycin and about six nu¢leotides for daunorubiecin (55). On
the other hand, the alterations of the biophysit¢al properties of DNA
upon antibiotic binding include: a decrease in the buoyant density
of the DNA in CsCl gradients (56), an inérease in the intrinsic
viscosity of the DNA (57), a decrease in the sedimentation é¢oefficient
of the DNA (54-55), an inérease in the melting temperature of the
DNA (55) and the protection of the DNA from degradation by nucleolytic

enzymes (58). Although many investigators have obtained evidente
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suggestive of an intercalative mode of interaction between the
anthracyclines and DNA (60-61), direct proof was not available until
the study by Pigram in 1972, who examined fibres of DNA-daunorubiain
complex by X-ray diffraction techniques (59). Based on their diffrac-
tion results and observations from molecular model building, together
with the physicochemical data mentioned before, Pigram and his éo-
workers proposed a model for the daunorubicin-DNA complex in which
the aglycone chromophore of the drug was largely overlapped by adja-
cent base pairs with the daunosamine side-chain projecting into the
major groove of the helix where the amino group of the sugar inter—
acted ionically with a phosphate moiety one base pair away from the
intercalative site. The possibility of a hydrogen bond between the
9-hydroxyl and an adjacent phosphate was also suggested (59,62)
(Figure 2).

In addition to their interaction with the nuéleié acid component,
daunorubicin and adriamycin have been shown to c¢ombine with a whole
host of cellular ¢omponents in vitro. For example, these agents were
shown to have an affinity for phospholipids suth as diphosphatidyl
glycerol, phosphatidyl serine and phosphatidyl inositol (63) and in-
crease the surface pressure of phospholipid monolayers spreading at
the air-water interphase (64). Other ¢ellular substanies that have
been shown to interact with either daunorubicin or adriamy¢in include:
sulfated polysaccharides such as heparin and chondroitin sulfate (65),
yeast t-RNA (66), actin and heavy meromyosin (67), tubulin (68) and
even non~histone proteins isolated from rat cells (69). In fact,

recently, daunorubicin attached to CH-Sepharose 4B affinity gel was
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used successfully to fractionate nomhistone proteins from rat leu-

kemia cells (70).

Due to their interaction with such a variety of cellular compo-
nents, daunorubicin and adriamycin have a multiplieity of effe¢ts on
different aspects of cell functions. They have been shown in numerous
studies to interfere with DNA and RNA metabolism both in vivo and
in vitro (52-53,60a,71-72). 1In vitro, reactions of DNA-dependent DNA
polymerases (73-77), DNA-dependent RNA polymerases (60a,75,77-79) from
viral, bacterial and mammalian sources, and RNA-dependent DNA poly-
merases (the reverse transcriptases) from oncogenié viruses have all
been demonstrated to be inhibited by daunorubicin and related analogs
(60a,80-82). From the observation that daunorubiciminduced inhibition
of the E. coli RNA polymerase catalyzed reaction could be overcome by
an increase in the concentration of template DNA but unaffeated by an
inerease in the concentration of the enzyme, Zunino ¢oncluded that
the inhibition was probably due to an inactivation of the template
function of the DNA and not to the direct inhibition of the enzyme
(78). Mizuno and his coworkers, based on their data on the DNA
polymerase and RNA polymerase isolated from mouse fibroblast tissue
culture cells, arrived at similar conelusions (77). In contrast to
its effeots on nucleic acid synthesis, adriamyéin was reported to
have a negligible effeect on protein synthesis in intaet A(T;)C1-3
hamster fibrosarcoma ¢ells although it did inhibit protein synthesis
in a cell-free system consisting of polyribosomes, transfer RNA and

enzymes (83).

15






The anthracyclines affect other aspests of cell function too.
They have been shown to alter surface properties of ¢ultured cells
(84), perturb the magnesium iominduced tubulin polymerization towards
the dissoc¢iation of the polymer and inhibit midrotubules assembly
(68), inhibit heavy meromyosin and acto-heavy meromyosin Mgz+ﬁATPase
reactions (67), inhibit sodiumpotassiumactivated adenosine tri-
phosphatase and cause marked alterations in sodium, potassium and
calcium contents in cells (85-87). As might be expected from their
effects on the morphology of the mitoehondria in the myoeytes of
animals treated with adriamyein or daunorubicin mentioned previously,
these agents interfere with mitochondrial functions. Becdause of
the presence of tautomeric quinoid and hydroquinoid rings (ring B and
ring C respectively) in the anthracycline antibiotics, their effect
on the activity of ¢oenzyme Q)gp-enzymes in the mitochondria was
investigated. Iwamoto's group reported in 1974 that both adriamyecin
and daunorubicin inhibited the aectivity of sutcinyl-oxidase and
NADH-dehydrogenase isolated from beef heart mitochondria (88). Sub-
sequently, Folker and Kishi observed that this inhibition éould be
prevented by the addition of coenzyme Qjp and other forms of éoenzyme
Q into the reaction mixture (89-90). 1In 1977, it was reported that
the synthesis of coenzyme Qi in mito¢hondria was also inhibited by
the compounds (90a). Treatment of isolated mito¢hondria with anthra-
gyclines in vitro resulted in impairment of mitochondrial funétions
measured as a lowering P/O ratio and a redué¢tion in the respiration
rate with succinate as the substrate (91), an inhibition of state 3

respiration oxygen uptake but not on state 4 respiration (92-93) and
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the uncoupling of ca2t translocation from electron transfer reactions
(93). Using mitochondria isolated from rat hearts, Bachmann eonéluded
that adriamycin affected primarily oxygen consumption whereas dauno-
rubicin had its main effeot on oxidative phosphorylation (94). An
impairment of mitochondrial function was also suggested when pulsat—
ing myocardial cells in culture treated with 1.7 ug/ml of adriamyzin
failed to respond to U.V.-microbeam irradiation of their mitochondria
while 23%Z of the control untreated cells responded by an increase in
the beating frequencies (95). However, since anthracyelines absorb
strongly in the U.V. region, the mitochondria in the adriamycin
treated cells might not have received the full U.V. dose of the miero-
beam irradiation. In c¢ontrast, the results obtained from attempts
to demonstrate the effect of adriamycin and daunorubiéin on mitochon-
dria in vivo are not as consistent. For example, Casgill failed to
see any alteration in the functions of mitoehondria isolated from
the hearts of rats treated with an LD)gg dose of daunorubi¢in (91).
In other studies, deterioration of mitochondrial funétions was ob-
served. Examining heart mitochondria isolated from rabbits sub-
jected to a daily adriamyein dose of 0.8 mg/kg, Ferrero detected an
impairment of respiration control due both to an increase of state 4b
and a decrease in state 3 oxygen uptake whié¢h was reversible upon
discontinuation of drug administration (96). These effeects were
dependent on dosing s&éhedules and peak blood drug levels. Furthermore,
these mitochondria consistently showed an inéreased permeability to
added NADH while the ADP/O ratio, tissue contents of ATP, ADP and

AMP measured in vitro were unchanged. Similarly, daily treatment of
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rats with adriamycin was reported to ¢ause a decrease in heart mito-
chondrial oxygen consumption after cumulative doses of 10 mg/kg with
no effect on the ADP/O ratio (94). In the same study, daily treat-
ment with 1 mg/kg of daunorubicin decreased both the mitocéhondrial
oxygen consumption and the ADP/O ratio. On the other hand, a more
recent study showed that the ADP/0 ratio of heart mitolhondria iso-
lated from rat hearts treated daily with daunorubi¢in remained

unchanged although the oxygen consumption was reduted (93).

Because of their extremely high affinity towards native DNA and
their effect on nutleie acid metabolism both in vitro and in vivo, it
18 generally believed that the inhibition of DNA replieation and DNA-
dependent RNA synthesis are responsible for the cytotoxic effest and
the anti-mitotic action of the antitumor anthra¢cycline antibiotiecs.
This notion is supported by the autoradiographié¢ demonstration that
daunorubicin enters cells and lotalizes mainly in the nueclei of both
KB cells and rat liver cells (97). The ¢oncentrated appearante of
drug specifi¢ fluorescence in nuslei (98-100) and in chromosome bands
(101-103) of c¢ells exposed to either adriamyéin or daunorubidin
further attested to their nuclei loc¢alization and their intera2tion
with the genome of whole ¢ells. A similar conc¢lusion was arrived at
using cell fractionation techniques (104-105). Very recently, it was
shown that adriamycin inhibited the nuclear fluorescence of popidium
iodide-stained human lymphoeytic¢ cells, providing yet another piece of
evidence for the adriamycin-nuclear DNA interaction in mammalian

cells (106). Fitially, the theory that the biological effects of
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these antibiotics are stric¢tly related to the formation of a stable
complex with DNA is strengthened by the observation that in a series
of daunorubicin analogs, there is a good correlation between the
inhibitory effect on nucleic acid synthesis in vitro, inhibition of
proliferative activity and DNA binding ability as measured by physico-
chemical methods (52).

However, there 18 increasing evidence, especially from recent
experiments, suggesting that the story might not be as simple as it
was previously supposed. Earlier studies on the effects of daunorubi-
cin and adriamycin on cultured ¢ells indicated that the inhibition of
mitosis induced by the drugs could ocecur to cells that had already
completed DNA synthesis (107-109) and at drug consentrations which did
not significantly affect DNA synthesis or the G; to S phase transition
of the cell cycle (107,110). Silverstrini, using synéhronized cul-
tures of rat fibroblast, attempted to see if the anti-mitotic effect
of the anthracyclines on G2 cells was due to the inhibition of RMNA
synthesis in the Gy phase when some of the necessary proteins for mi-
tosis were synthesized (l1l1). He found that the Gy &ells could be
prevented from entering mitosis with doses of daunorubiein not af-
fecting the RNA synthesis. He also noticed that daunorubitin could
be added to the c¢ell ¢ultures after the RNA synthesis period in the
G2 phase and still maintain its anti-mitotie effect. A study on syn—
chronized L-929 mouse fibroblasts showed that after daunorubicin
treatment of the cells, the remaining mitoti¢ figures exhibited an
accumul ation of mitosis in the telephase and disappearance of all

other figures, suggesting that daunorubicin blocked some process
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necessary for cells to enter c¢cytokinesis (112). More recently, a new
synthetic N-trifluoroacetyl substituted analog of adriamycin has been
reported to be equally active in L1210 leukemia, P388 lymphocytic
leukemia and solid sarcoma 180 in mite (113); and in other studies
more active in a variety of murine tumor systems inéluding both
asgitic and disseminated L1210 leukemia, P388 leukemia, asditie
LSTRA lymphoma, advanced Lewis lung ¢arcinoma and solid Ridgeway
osteogenic sarcoma than the parent compound adriamyéin (114-116) in
spite of the observations that it was not metabolized to adriamyéin
in vivo (117-118); it was localized in the éytoplasm of cultured tells
and not in the nuclei as in the case of adriamyein (100); it had a
much lower affinity towards native DNA (119) and a 500 fold deédrease
in its ability to inhibit DNA polymerase in vitro (120). In addition,
aross resistance of tumor ¢ells towards daunorubicin, adriamyc¢in and
Vinca alkaloids, a class of potent anti-mitoti¢ agents that is be-
lieved to act by a mechanism not involving the nué¢leic acid components
of the cells, has been observed (121-125). Nor is it eclear at all why
the heart, an organ which does not show significant DNA replication,
is the primary site of drug toxicity of a drug supposed to act by

stopping DNA replication.
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THE MECHANISM OF ACTION OF THE CARDIOTOXIC EFFECT OF THE

ANTHRACYCLINE ANTIBIOTICS

What is causing the ¢ardiomyopathy induced by the antitumor
anthracycline antibiotics? One has to consider the possibility that
this gcardiac toxicity might not be a direct effect of the drugs on the
heart cells. Indeed, the delayed cardiotoxiecity induced in chronical-
ly treated rabbits has been related to an immune process as Fiorette
reported that autoantibodies as well as sensitized spleen ctells
reacting specifically in vitro with rabbit heart cells could be de-
tected and 1isolated from rabbits presenting myocardial alterations
induced by adriamycin treatment (126-126a). However, it is possible
that this phenomenon may only be the result of exposure of myocardial
antigens secondary to some initial cellular damages. Furthermore,
the importance of this phenomenon in cancer patients whose immune
system is severely c¢ompromised is doubtful. At the annual meeting of
the American Association for Cancer Researéh held in May, 1979,
preliminary evidence was presented suggesting that adriamycin induced
elevation in histamine and catecholamines in rabbits might be respon—
sible for its cardiomyopathic effect (127). In this study, a combina-
tion of pretreatment and post-treatment of the animals with hista—
minergic blockers diphenhydramine (an H1 blocker) and cimetidine (an
H2 blocker), and adrenergic blockers phentolamine (an alpha recéeptor
antagonist) and propanolol (beta antagonist) was shown to suttessfully
prevent the heart lesions observed in the c¢ontrol group. However, 1f

released histamine and ¢catecholamines are indeed the mediators for the
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anthra¢yeline heart toxiéity, it would be difficult to explain why
similar heart lesions are not observed in patients with &hronic aller-
gles such as "hay-fever” where the histamine and catecholamine levels
are constantly elevated. In addition, the striking difference in the
sensitivity of the cardiovascular system of different animal spet¢ies
towards histamine is well known to pharmad¢ologists. The guinea pig
is extremely sensitive to the atction of histamine; the dog, the cat
and the rabbit are moderately sensitive and the rat and the mouse are
most resistant. For example, a ¢at will die of ¢ardiovascular eéollapse
after a dose of 3 mg/kg of histamine while a mouse &an tolerate as
much as 750 mg of histamine per kg body weight without serious toxidity
(128-129). This éasts further doubt on the histamine as mediator
hypothesis as the anthra¢y¢lines indute the ¢haracteristié c¢ardiomyo-
pathy readily in different animal species inc¢luding the rabbit, the
mouse, the rat, the monkey and humans.

Perhaps the strongest evidence that points to the direct aétion
of the anthracyslines on heart muscles ¢omes from the experiments
with cultured heart c¢ells in vitro. Neé2o demonstrated that dauno-
rubicin and adriamycin treatment of spontaneous beating heart ¢ells
of the mouse in ¢ultures resulted in an arrhythmiec beating pattern
and an approximately 50% redudtion in the beating frequendy of the
cells (130-131). Ultrastruetural study of these cells showed al-
terations similar to heart cells isolated from animals c¢hronit¢ally
treated with adriamycin (132). Similarly, Petrovi¢ and Seraydarian
independently showed that adriamyecein ¢ould inhibit the <¢ontinuous

rhythmic contractions of rat ¢ardia¢ cells grown in vitro (95,133).
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When he examined the intraéellular ATP and phosphoryldreatine cdonéden—
trations of these cultured ¢ells, Seraydarian noticed an approximately
30% decrease as é&ompared to control éells. The addition of creatine
to adriamycin treated é&ells resulted in a several fold increase in
the steady-state eondentration of phosphorylereatine. Therefore, it
was concluded that the potential to maintain a high steady-state comr
eentration of phosphorylcreatine was not impaired in these 4ells
(133). Most recently, confluent 8ultures of heart tells isolated from
newborn rats were studied with a polygraph redorder so that the beating
rhythms of the c¢ells c¢ould be examined (134). Significant inérease
in the incidence of arrhythmias was observed in ¢ultures treated with
adriamycin. In addition, the cells in the adriamydin treated &ultures
showed morphological changes not seen in &ells of untreated &4ontrols

or gultures treated with actinomydin D, 5-fluorouadil or thio-TEPA.

Knowing the high affinity of the anthradyelines towards DNA, one
might suspest that it is the DNA binding property of these agents
that is responsible for their injurious effect on the heart. Rosenoff
demonstrated a dedrease in the very low basal DNA synthesis in vivo,
as measured by the 3H-TdR ineorporation into DNA isolated from mouse
hearts, when the animals were treated with adriamyein (135). However,
it was not clear whether this de¢rease of DNA synthesis was indeed
a primary effect of adriamysin or was merely a reflection of éardial
injuries caused by other mechanisms. Fialkoff, in his study of the
effeet of adriamycin on neonatal rat ¢ardiac dells in culture, ob-

served a drop in the U.V.-stimulated DNA synthesis at high adriamyé&in
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doses (10 ug/ml) although no effect was seen at low dose doses (1 pg/ml
adriamytin) (136). However, the dose of the U.V. irradiation received
by the DNA in the adriamycin treated éells and the ¢ontrol éells may
not be aomparable sint¢e adriamytin has been shown to loéalize in the
nucleus (98-100, 104-105) and it absorbs strongly in the U.V. region.
Similarly, a redu¢tion in the DNA synthesis in mouse heart by adria-
mysin was demonstrated in an in vivo study by Formelli in 1978 (137).
In this study, the ability of another ¢linically useful anti-neoplas-
tie antibiotie, actinomyein D, to inhibit cardia¢ DNA synthesis was
also investigated. Ac¢tinomy¢in D i8 an extremely potent anti-mitotie
agent which has also been shown to intercalate native DNA and inhibit
DNA and RMA synthesis, although in this ¢ase the RNA polymerase reaé-
tion is muoh more sensitive to the inhibition (138-141). No ocardio-
toxiéity from actinomysin D administration has been observed in spite
of its significant accumulation in the heart post-injestion (142).
The results of Formelli's experiment showed that aétinomy&in D, like
adriamysin, also deereased DNA synthesis in the heart. In a recent
study on rat heart &ell c¢ultures, morphological ¢éhanges in cells
related to the in vivo ¢ardiotoxi¢ity were seen only in adriamysin
treated ¢ultures and not in cultures treated with adtinomydin D (134).
Considering all these experiments, it seems doubtful that the inhibi-
tion of the nucleie acid synthesis by the anthraé¢ydlines is respon—
sible for their eardiomyopathi¢ action.

Since the heart is an extremely ac¢tive organ, its dependen¢y on

energy production 1is remarkable. It 1s proposed that the anthrac¢yc-

lines induced ¢ardiomyopathy might be the results of their interferente
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with the energy produ¢tion system 1in heart muséle cells. Some
successful attempts in reducing various aspeéts of the adriamy2in
induced cardiotoxicity in animal systems by toenzyme—Q administration
have been reported in the past two years (143-145). However, Combs
et al. failed to demonstrate an inérease in the toxisity of adriamyéin
in animals under severe exercise stress, disputing the energy produé-
tion defect hypothesis (146).

Finally, it has been suggested that the formation of superoxide
radical in the presente of the anthraé¢yélines which ultimately results
in the conversion of membrane unsaturated fatty adids to lipid perox-—
ides may be responsible for the cardiomyopathi¢ action (147-150).
Myers reported that tocopherol, an effettive free radical sdavenger,
could reduce 1ipid peroxidation and the édardiaé toxieity of adriamysin
in mice, converting the LDgs5 for the drug to LDjg (152). More redent
studies indicated that the proteé¢tive effeét of vitamin E (todopherol)
was most apparent during the first three weeks. However, the initial
proteetion wore off with time and at sixty days, the death rates in
both treated and untreated mic¢e were the same (153). Very reeently,
N-acetyl-l-e¢ysteine, another potent radical sé¢avenger, was used sué-
eessfully to redute daunorubicin induted cardiomyopathy in mice (154).
Despite all this suggestive evidente, a definite generation of rea¢-

tive oxygen species in heart muscle cells has not been demonstrated.
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THE HYPOTHESIS AND THE STRATEGY

From the evidence disé¢ussed previously, one is led to the hypo-
thesis that the interaetion of the antitumor anthraeytline antibiotits
with nucleic aeid is probably not the important event in the generation
of the observed ¢ardiotoxieity, and that other “"receptor(s)” is/are
involved. Indeed, there are a variety of biologically important mole~
cules that have been shown to interast with the anthradyé¢lines in vitro
(63-70) (see p. 13), although these interaetions may be nonspedifié in
nature. The present study is designed to test the hypothesis that
DNA is the only 2ell receptor of anthraeyélines. A search was under-
taken to try to detect and isolate materials other than nuéleid aéid
from the heart that might bind strongly to the drugs and, very impor—
tantly, redognize them spesifidally. A very dirett approach was em
ployed, the drug moledule was used as a probe to searéh for materials
in the heart that it recognized. The technique of affinity é&hroma-

tography was best suited for this purpose.
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EXPERI MENTAL

A) AFFINITY CHROMATOGRAPHY

Conventional biochemical methods of 1isolation and separation
such as salt fractionation, adsorption e¢hromatography, gel permeation
e¢hromatography, ion exchange ¢hromatography and gel elec¢trophoresis
depend on gross physical and éhemidal differences between the sub~
stanaes to be separated. These methods are nonspeecifié in nature
and it 1is usually netessary to employ a series of these procedures
in a multistage purification protess. The prodedures are frequently
very laborious and time c¢onsuming, the separation adcomplished 1is
often incomplete, with extremely low yields. In d@ontrast, the
technique of affinity ehromatography exploits the unique property of
spedific and reversible interastions between biologitally important
moleecules. It provides opportunities for the isolation of substanses
aecording to their bilological functions. The basie printiple 1is to
immobilize one of the adomponents of the interatting system (e.g. the
ligand) to an insoluble, porous support whiéh é&an then be used to
selectively adsorb, in a ¢hromatographic procedure, that domponent
(e.g. doenzynie, enzyme, eté.) of the bathing medium with whiéh it &an
specifically interact. The greatest advantages of this teé¢hnique lie
in the simplieity of preparation and the rapidity in the separation;
it is potentially a single step purification proéess; for example,
a vitamin binding protein was purified over 10,000 fold in one step
this way (158). The term affinity binding was originally used to

describe the most obvious cases of su¢h interacting systems: those
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gonstituted of enzymes and ¢ompetitive inhibitors. Today, after years
of development and improvement, the technique has found applilations
in a wide variety of disé¢iplines inéluding immunology (antigen-
antibody purification), biochemistry (purifidation of enzymes, nudleid
acids, cofastors or vitamin binding proteins, repressor proteins,
transport proteins and peptides formed by organi¢ syntheses) and
applied sciences such as pharmacology (drug and hormone receptor

purification) (156-160).
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B) THE SYNTHESIS OF THE AFFINITY GELS

I) The Choice of the Basié Gel Matrix:

The drug molecule must somehow be coupled to an insoluble solid
support. Covalent ¢oupling 1is mutch preferred to 1insure secure
anchorage of the ligande The way the ligand is attached to the
support is a d4rucial ¢Qonsideration in affinity é&hromatography. Onle
the drug is attached dovalently, it beéomes derivatized and it is of
utmost importance to anéhor the drug moleéule in sué¢h a way that its
function would not be impaired. The biologidal attivity of the ligand
must remain unaffected after the &oupling reaction for meaningful and
relevant materials to be isolated. In addition, the soupling process
must be carried out in conditions under whid¢h neither the drug nor the
gel matrix is destroyed.

In this study, Affi-Gel-202 from the BioRad Laboratories (Catalog
#153-3301 Capaeity 20 pmole/ml) was chosen as the solid support
material. Affi-Gel-202 has Biogel Al5M as the basié gel matrix
(molecular exclusion limit at 15 x 107 daltons) whiéh is themiéally
ecrosslinked to provide stability to autoeclaving and to chaotropié
agents such as 3M thiocyanate, M guanidine HC1l or 5M MgCly. A spaéer
arm of fifteen atoms ending in a ¢arboxyl funétion was attaéhed to the
gel matrix (see Figure 3 for the strueture of the gel). To minimize
leakage problems, the spater arm was attached to the agarose beads by
a very stable ether linkage rather than the é¢yanogen bromide éoupling
commonly used to derivatize agarose supports for affinity ¢hromatogra-

phy. This particular support was seletted for this study because of
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the following reasons. The gel matrix has a high degree of porosity
whié¢h permits wunimpaired entry and exit of large madromoledules
throughout the entire matrix. This maximizes the é&ondentration of
ligand freely available to the madromoletules and thereby indreases
the possibility of isolating a large quantity of materials reéognizing
the ligand (161). Secondly, there 1is very 1little non-sped¢ifié
charge present in the basié gel ¢omponents and this will redut¢e non-
specific ioni¢ interactions to a minimum. In addition, the diamino~-
dipropylamine (-NH(CH2)3NH(CHj)3NH-) type spacer elements are gener-
ally less prone to hydrophobic interference than purely methylenié
spacer segments (162). Thirdly, the gel beads are relatively stable
mechanically and ehemically under varying ¢onditions of pH (pH 2-12),
ioni¢ strength and temperature (2-30° C). The gel is also resistant
to the treatment of organi¢ solvents in¢luding aléohol, dimethyl
formamide, dioxane and pyridine. These features of the gel matrix
were significant when daunomyéinone affinity gel was synthesized as
a eontrol (see below) as well as providing opportunity to effebtively

use many potential eluting solvents and eluting donditions.
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II) The Prot¢edures for the Synthesis of the Affinity Gels

(A) Synthesis of the daunorubicin affinity gel:

(a)

(b)

(e)

(d

(e)

Suscinyl dihydrazide (6.16 mmole) was dissolved in 4 ml of
water and the insoluble fraction filtered off. The insoluble
fraction was washed with an extra 1 ml of water. The fil-
trate and the washing were dombined and ad justed to pH 4.5
with 3 N HCl. To the dihydrazide solution was now added 5 ml
of Affi-Gel-202 (the gel was washed with approximately 50 ml
of water before use). This is suspension A.

EDAC (l-ethyl-3(3-dimethylaminopropyl)&arbodiimide HCl) (5
mmole) was dissolved in 5 ml of water and the solution ad-
justed to pH 4.5 with 3N HCl. This 1is solution B.
Solution B was added to suspension A and the mixture shaken
at room temperature for 20 hr. The pH of the readtion mix-
ture was maintained at pH 4.5-5.0 during the reattion.
The product gel was colletcted by filtration and washed with
water. This is product gel C.

Product gel C was added to 0.1 mmole of daunorubiéin HC1l
in 5 ml of water and the suspension shaken for 48 hr at
room temperature. The produtt gel (red partidle) was &ol-
lected by filtration and washed with water extensively.
This is product gel D.

By spectrophotometrié¢ absorption analysis, approximately
50%Z of the added daunorubicin reacted with the gel, giving

a drug ligand ¢apatity of 10 umole per ml of affinity gel.
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(f) The product gel D was added to 20 ml of 5% acetone solution
and the suspension shaken for 20 hr at room temperature.
The final product daunorubi¢in affinity gel was stored in
5 ml of daunorubiein solution (0.05 mmole) in the refriger—

ator until used.

(B) Synthesis of affinity gel — Daunomyc¢inone ligand

(©

(a) Produst gel C was prepared as for daunorubitin affinity
gel.

(b) A solution of 60 mg of daunomyéinone in 10 ml of pyridine
was mixed with produtt gel C in 3 ml of water and the mixture
shaken for 9 days at room temperature.

(¢) The produét gel (red partitle) was collected by filtration
and washed with 200 ml of 50% pyridine in water and then
300 ml of water. This is produtt gel E.

By absorption analysis of the redovered drug washes, approx-
imately 13 mg of daunomysinone reacted, yielding a drug-
ligand capacity of 6 umole/ml affinity gel.

(d) The product gel E was added to 20 ml of 5% acetone solution
and the mixture shaken overnight at room temperature. The
gel was then washed extensively with water and stored in

5 ml of water at 4° C until used.

Synthesis of affinity gel - Control gel with no drug attached:

(a) Produtt gel C was prepared as for daunorubiéin affinity
gel.

(b) The product gel C was added to 20 ml of 5% acetone solution
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and the suspension shaken for 20 hr at room temperature.
The product gel was then washed thoroughly with water and

stored in 5 ml of water at 4° C until used.

(D) Synthesis of affinity gel — adriamyein ligand

(a)

Produtt gel Cwas prepared as for daunorubié¢in affinity gel.

(b) Product gel C was added to 100 mg of adriamyéin HC1l in

(o)

5 ml of water and the suspension shaken for three days at
room temperature followed by 16 days of shaking at 4° C
(a total of 19 days of incubation). At the end of the in-
eéubation, the produét gel (red particle) was c¢olledted by
filtration and washed with water extensively. This is pro-
du¢t gel F.

By absorption analysis, approximately 20 mg of adriamy?in
reacted with the Affi-gel-202, yielding a drug-ligand &apa-
city of approximately 7 umole per ml affinity gel.

Produot gel F was added to 10 ml of 5% adetone solution and
the mixture shaken at room temperature for 20 hr. The pro-
duct gel was then washed extensively with water and stored

in 5 ml of 6 mg/ml adriamydin solution at 4° C until used.

In the synthesis of affinity gels, the ¢arboxylid terminal of

the spacer arm was first ¢onverted into an hydrazide fundtion by reac-

ting the affinity gel with su¢é&inyl dihydrazide (Alridh Chemidal Com-

pany 96% satalog #5550-2) in the presence of a water soluble tarbodi-

imide, EDAC (BioRad Laboratories catalog #153-0990) (Figure 3, Step

I)o

In an atidi¢ enviromment, the darbodiimide (I in Figure 4) was
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protonated (II in Figure 4) and was subsequently attacked by the
terminal darboxylate funetion of the spalder arm to produde the
o-adylurea (III, Figure 4). The o-aéylurea ¢éould form N-aéylurea
(1V, Figure 4) by intramoleéular rearrangement. Either the o—adylurea
or the N-acylurea ¢ould readily react with an amino group (V, Figure
4) (the hydrazide group of sué¢e¢inic a8id dihydrazide in this &ase)
to form a peptide type linkage with the release of an urea derivative
(VI, Figure 4). In the study, suet¢inyl dihydrazide was used instead
of the simpler hydrazine molecule because the doupling reaection
between the latter and the affinity gel spaser arm did not oe8ur
well when the reaction was attempted.

After washing away the unrea¢ted materials and the urea product
resulted from the reastion, the drug (either daunorubi¢in or adriamy-
¢in) was added to the affinity gel now with a spader arm terminating
in a hydrazide function. The C-13 carboxyl of the drug, the only
fundtional group in the drug molecdule éapable of undergoing the real-
tion under the c¢onditions, would reaét with the hydrazide to form a
covalent linkage with the simul taneous elimination of a water mole-
cule (163) (Figure 3, step 2). Finally, the affinity gel with the
ligand attached was treated with atetone so that the unreadted hydra-
zide moieties that might be present aould be blocked to avoid non-
spedifi¢ charges in the affinity gel (Figure 3, step 3).

As the result of these reactions, the ligand daunorubié¢in or
adriamycin is anchored to the Affi-gel-202 matrix through a spader arm
of twenty-four atoms. The linkage between the drug molecule and the

spater arm thus formed resembles an a&tive anthralyeline antibiotid,
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a rubidazone-like analog. Rubidazone (Figure 5) is an anthracyéline
antineoplasti¢ agent durrently under &linic¢al trials (164-167). Car—
diotoxie effeets similar to those induéed by adriamy¢in and dauno-
rubicin have been demonstrated with rubidazone administration (168-
170). Hopefully, this mode of attathment of the drug moledule to the
affinity gel does not abolish the cardiotoxieity of the agents and the
affinity gel-drug eomplex will be useful in isolating materials from
the heart that are related to the myoé¢ardial effeéts of the agents.

As oontrols, affinity gels with daunomycinone, an inadtive meta-
bolite of daunorubi¢in in vivo (see below), as ligand and also the
affinity gel with the spater arm only and no drug attached were syn—
thesized. The method of synthesis of these gels was similar to that
used for the ac¢tive é&ompounds. In the ¢ase of daunomyecinone, the
eoupling of the ligand to the spa¢er arm was done in the organié sol-
vent pyridine, instead of water sin¢e the solubility of daunomyéinone
in aqueous solution is extremely low. The solubility of daunomyd inone
in various organie solvents including dioxane, dimethylsulfoxide,
dimethyl sulfate and asetid¢ adid was tested prior to the affinity gel
synthesis and the drug appeared to be most soluble in pyridine. 1In
addition, a trial reaction between daunomyé inone and su¢¢inyl dihydra-
zide in solution as followed by thin layer c¢hromatography also
indicated that pyridine was the best solvent system. In the actual
coupling reaction, 13 mg of daunomydinone was found to have readted
by quantitating the amount of drug recovered after the readtion using
spectrophotometry, yielding a ligand drug ¢&apacity of 6 umole/ml

affinity gel.
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FIGURE 5

THE STRUCTURE OF RUBIDAZONE
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Although adriamycin was readily soluble in aqueous solution, the
coupl ing reaction between the drug and the affinity gel spater arm
did not progeed as well as it did in the case of daunorubiéin. Even
after nineteen days of shaking (see procedures, p. 34), only 7 jmole
of adriamycin reatcted with eath ml of the affinity gel while a ligand
capacity of 10 pumole/ml gel was obtained for daunorubitin just after
forty-eight hours of shaking. Apparently, the single replatement of
the C-14 methyl (dawmorubicin) by a methoxyl group (adriamysin) had a
great deal of effect on the ligand-spader arm doupling. The reason
for this difference in reactivity is not known. The presenée of an ad-
ditional electronegative hydroxyl group adjacent to the C-13 étarbonyl
funétion in adriamydin should inérease the eledtrophylliéity of this
reactive group, thereby making it more prone to nu¢leophyllid attack
by the hydrazide terminal of the spader arm (171). However, the
opposite effect was observede One might hypohesize that the C-l14
hydroxyl group in adriamyéin may be imposing some sterid influenée on
the C-13 ocarbonyl, making the hydrazide nucleophyllic attack on the
latter more difficult. (See Figure 6 for the strud¢tures of the

affinity gels.)
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c)

THE DEVELOPMENT OF THE ISOLATION PROCEDURES

The second step of the study was to devise the methods for the

isolation of any available nomnucleié¢ aé¢id substandes from the heart

that might recognize the anthraecyfline antibioti¢s. The prodedures

were developed with three major goals in mind:

(A) Since the drugs are extremely expensive and only diffiéultly

(B)

available chemisals, it was very important to develop a method
that used a very small amount of the drugs. This preéluded the
utilization of most &onventional ¢olumn tethniques whitch were
used in the majority of the affinity chromatographie protedures.
Synthesizing anthracyéline affinity gels for full sized éolumns,
involved a time and cost that was prohibitive. Sué¢h large eolumn
procedures also wusually have the problem of flow impedante
after a few times of usage, espet¢ially when one is dealing with
tissue homogenates. It seemed more desirable to develop an
analytical procedure whieh only requires a small amount of
affinity gel in the beginning and 1if the result was positive, a
larger ¢olumn ¢an then be developed, 1if netessary.

The second consideration was that the prodedures devised would
only isolate substanees with high affinity towards the drug
ligand. Since the anthracyélines have a sugar with an ionizable
amino function which is charged at physiologiéal pH, it was ex-
peated that the drug molecules will act as ioniec exchangers and
pick up negatively charged moletules nom-specifit¢ally. Indeed,

the anthradyclines have been shown to intera¢t with a number of
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anionic materials in vitro (63-70) (see p. 13). The isolation
procedures needed to be able to s¢reen out weak, nomspeéifié
binding species so that only substantées with high affinity
towards the drug molecule would be isolated.

(C) The procedures should be very gentle in nature so that the
materials isolated will remain in their native state as mudh as
possible. This 1is very important in the proper identification

of the materials both physically and ¢hemitally at later stages.

The resulting proeedures are summarized in Figure 7. The affini-
ty gel (e.g. Daunorubicin affinity gel) was washed 25-30 times with
pH 7, 0.01 M KHoPO4 buffer just before use (3 ml of buffer per wash
with scentrifugation sedimentation of the gel at the end of eadh wash).
The thoroughly washed affinity gel was then inéubated with heart
homogenate from BFD) male mice (see section below for detailed method
of homogenate preparation), treated extensively with deoxyribonuéle-
ase I and ribonuclease A, for fifteen minutes at room temperature on
a reoiprocal shaker. The resulting mixture of enzyme-treated homo-
genate and affinity gel was layered ¢arefully on 8 ml of 60% sucrose
at 40 C in a 10 ml conical ¢entrifuge tube at the end of the induba-
tion period. The mixture was centrifuged at 2,500 rpm for 15 minutes
at 4° C in an International Centrifuge (refrigerated model). At this
time, the affinity gel was sedimented to the bottom of the ¢entrifuge
tube while the rest of the homogenate remained at the top of the
sucrogse solution. The majority of the suérose was then removed with

the homogenate using a long tipped Pasteur pipet. The remaining gel
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EDF mouse heart homogenate

reated for 3.5 hr ¢ DNase 1
RNase A at pH 7 at 25°C

incubated ¢ affinity gel for
15 min.in 0.01M KHZPou buffer
nt pH 7.0

ayer mixture on 60% sucrose
pt 4°C & spin for 10 min. at
, 500 ropm

collect gel beads at the bottom
pf the centrifuge tube

ayer gel beads onto glass
ibre filter

lvash gel @ pH 7.0 KH,PO, buffer]

w
plute gel € buffers of pH 9.0,
.5, 10.0, 10.5 and 11.0

by full UV-visible scan at

eluate of each pH is monitorej
00-600 nm in air

FIGURE 7

Procedures for the Isolation of Drug Receptive Materials
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beads were transferred onto a glass filter (Buthner funnel with frit-
ted disé. Corning #36060, medium grade), washed with two ml of 60%
sucrose solution and drained with vacuum. The affinity gel was then
washed with two ml of 0.01 M KHyPO4; buffer (pH 7) and followed by a
bateh pH step elution procedure. After preliminary study of the best
range, a pH elution was done sequentially using 0.04 M glyc¢ine buffers
at pH 9.0, 9.5, 10.0, 10.5 and 0.05 M NajHPO; buffer at pH 11.0. (The
gel beads were soaked in 0.5 ml of the elution buffer for two minutes
before the buffer was drained by vacuum. The process was repeated
three more times to ¢omplete the elution at ea¢h pH step. Consequent—
ly, a total of 2 ml of buffer was used for eaéh step of the pH
elution.) The eluates at eadh pH were pooled and subjedted to U.V.-

visible absorption spectrophotometrié¢ analysis.

The greatest advantage of this protedure 1is that it not only
selected for high affinity ligand-binding substanées, but required a
minimum amount of affinity gels. As little as 0.2 ml of the affinity
gel was needed for each experiment. Since the gel-anthracyetline
linkage is not very stable at very high pHs, the ligand starts to
dissociate from the gel matrix when the gel is eluted with buffers
of higher pH. Therefore, the affinity gel was only used for one
experiment to assure reliability of the procedure and this makes the
small amount of affinity gel needed per experiment an even more
important advantage. The procedures ¢an be ¢arried out fairly easily
with no need for expensive and sophisticated equipment. The spinning

of the affinity gel through 60% suerose serves two funttions. Firstly,
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the affinity gel can be separated from the rest of the homogenate
through this simple, brief &entrifugation step, hopefully bringing
some components from the heart homogenate that have an affinity
towards it to the bottom of the ¢entrifuge tube. Secondly, this
centrifugation step serves the purpose of sereening out weakly inter—
aeting spescies. Materials that have weak affinity towards the affinity
gel are likely to detach from the gel when it is sedimenting through
the dense 60% suérose solution at 4° C. Consequently, only substanées
with relatively high affinity towards the affinity gel will survive
this step and settle to the bottom of the c¢entrifuge tube with the
gel particles. One major value of this method 1is that speties
from the heart homogenate interaecting with the affinity gel weakly or
non-spe¢ifically hydrophobically will probably be released as the
affinity gel is settling through the extremely hydrophobie¢ suérose
solution, thus only the very high affinity binding substandes are

retained on the drug ligand.
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D) PREPARATION OF THE MOUSE HEART HOMOGENATE

Four to five mouse hearts (BDF| male mice at 20-25 gm, the total
heart tissue weight was approximately 1 gm) were ex¢ised from mice
freshly saerificed by cervical dislocation, and finely minced on 1ge
with a razor blade. The tissue was rinsed with cold distilled water
to remove the blood and transferred to a potter homogenizer following
removal of visible clots. Four ml of phosphate buffer (0.01 M KHoPOy
at pH 7.0) at 49 C was then added. While on i¢e, the tissue was
homogenized with 150 passes over approximately ten minutes. The
homogenate was filtered through cheese ¢loth into a 10 ml graduated
cylinder, and the final volume brought to 5 ml with the addition of
more phosphate buffer at 4° C. The homogenate was then treated with
0.5 mg of deoxyribonuclease I (Sigma Chemiecal Company, Catalog #DN-CL
from bovine panereas) and 1.0 mg of ribonuslease A (Sigma Chemital
Company, Catalog #R-5152 Type III-A from bovine panéreas) at room

temperature for three and a half hours.
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E) ISOLATION OF NON-NUCLEIC ACID RECEPTIVE MATERIALS FROM THE MOUSE

HEART USING DAUNORUBICIN AFFINITY GEL

Daunorubicin affinity gel was incubated with deoxyribonuclease
I and ribonuclease A treated mouse heart homogenate for fifteen
minutes and then subjected to the pH elution protedures as outlined
on p. 43. Figure 8 shows the pH elution profile of the affinity gel
resulting from such an experiment. A large amount of material was
eluted from the daunoubicin affinity gel after the gel had been indu
bated with the heart homogenate the majority of whi¢h was eluted at
pH 9.0-9.5. The materials eluted at pH 9.0 had an absorption peak at
approximately 260 nm while the materials that &ame off at pH 9.5 had
strong absorption in the 200-240 mm region. Very little material
came off the gel at the higher pHs (pH 10-11). At pHs above 10.5,
the drug ligand began to slightly dissoéiate from the affinity gel
matrix as evidensed by the appearande of a very light red ¢olor in
the eluates. It is therefore not likely that ¢omponents binding to
the drug molecule will remain tightly attached to the affinity gel at
these pHs. One 6an be reasonably sure that all of the materials from
the heart homogenate with affinity towards the ligand daunorubi&in

will be eluted by this proc¢edure.
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F) CONTROL AFFINITY GEL WITH NO DRUG ATTACHED AND DAUNOMYCINONE

LIGAND AFFINITY GEL

It was very entouraging that materials ¢ould be isolated from the
mouse heart using the daunorubi¢in affinity gel isolation proledures.
However, before jumping to any premature ¢ondlusions, a very important
question had to be ¢&onsidered: Do the substanées eluted from the
daunorubiein affinity gel at pH 9.0 and 9.5 after the gel has been
incubated with nudlease-treated mouse heart homogenate really repre-
sent materials with selective affinity to the ligand molecule? Four

possibilities were donsidered.

(A) The materials eluted are binding to the gel &omponents, e.g.
agarose, spacer arm.

(B) The materials eluted are recognizing the spader—arm—linkage
struature.

(C) The materials eluted represent éomponents with affinity towards
daunorubiein.

(D) Any combinations of the above possibilities.

Different approaches 8an be used to distinguish these possibil-
ities. An obvious one is to synthesize affinity gel without the drug
ligand and investigate the behaviour of this affinity gel in the same
system. However, this ¢ontrol gel latks the ligand-spaéer arm linkage
area in the daunorubiscin affinity gel and will not tackle hypothesis

number two. To solve this problem, daunomytinone affinity gel was
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synthesized in addition to the control gel with the spader arm only.

In vitro and in vivo studies have shown that both daunorubilin
and adriamycin are metabolized extensively by various tissues (172-
176). The two mammalian enzyme systems responsible for the metabolism
of the sompounds are the ¢cytoplasmié aldo-keto reductase whish appears
to be ubiquitous in its distribution (177-178) and the midrosome
associated glycosidases (179-182). The enzymié produets of the aldo—
keto redustase of daunorubi¢in and adriamyd3in in whidh the C-13
carbonyl of the drugs i1s reduded to a hydroxyl funttion, daunorubic¢i-
nol and adriamy3inol respec¢tively, retain inhibitory aétivity against
both DNA and RNA synthesis in cells although the adtivity is lower
than the parent 2dompounds (183-184). On the other hand, the glylo-
sidases are believed to inactivate the anthradydlines by releasing
the aglysone products (185-187). Although both enzyme systems meta-
bolized the drugs readily in vitro, in vivo experiments showed that
the C-13 redustion produéts were by far the major metabolites in
tissues while high aglyosone levels were only found in the liver, the
kidney, the spleen and the small intestine (175-176). Daunomydinone,
one of the aglycone metabolites of daunorubidin (175-176,179), lacks
any signifiecant adtivity as an antineoplasti¢ agent (188) and was
shown not to interact with DNA in vitro (189). There has been some
controversy aoncerning the possible ¢ardiotoxis acdtion of daunomy-
¢inone. Herman and his co-workers reported that hamsters treated
with damorubis¢in or adriamye¢in had high levels of aglydones in
heart and liver tissues (190). However, the dontrary was observed

in other animal spe¢ies such as the rat and the rabbit (175-176).
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Puzzled by these observations, Bathur and his #olleagues attempted to
reproduce Herman's data by repeating his experiment; they were only
able to find low levels of aglycones in the heart and in the lung of
the hamsters they used in their study (173). In another attempt to
link daunomyeinone with e¢ardiotoxieity, Herman's group reported that
the drug caused an immediate ineérease in the d&oronary perfusion
pressure in perfused isolated dog hearts whereas a slower and gradual
increase was seen when either dauwnorubiein or adriamydin was used
(191). Moreover, N—acetyl-daunomyein, an analog that was shown to be
metabolized to the aglyasone produ¢t to a mulh lesser extent, did not
show suth alteration in perfusion pressure. Based on these results,
the authors suggested that daunomyé inone, instead of the parent drug,
daunorubiein, was responsible for the induted inc¢rease in the éoronary
tone. These data are disputable, sinée the daunomysinone in the
study was dissolved in dimethyl sulfoxide instead of the physiologital
saline used for daunorubi¢in and no vehicle o¢ontrol was done. In
contrast to Herman's viewpoint, Adamson proposed that the éardiotoxi-
¢ity of the anthradyolines resided in the daunosamine portion of the
molecule while the anti-tumor activity required the complete molecule
(192).

Regardless, the daunomyt¢inone affinity gel 1is a good c¢ontrol
since it ¢ontains almost all the components present in the daunorubi-
ein affinity gel: the agarose gel matrix, the spader arm, the
su¢oinyl dihydrazide extension of the spaéer arm, the spater arm
ligand linkage area and the daunorubi¢in aglyéone ¢thromophore. The

only thing that is missing in the daunomyeinone affinity gel is the
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amino sugar, daunosamine, which according to Adamson, is an essential

part of the moledule that tauses the sardiotoxia effect.

Figure 9 illustrates the results of experiments using the differ-
ent affinity gels synthesized. The ¢iréles represent the pH elution
profile of daunorubicin affinity gel after the gel has been incubated
with nutlease-treated heart homogenate. As mentioned before, materi-
als were eluted at pH 9.0 and 9.5 that éould be deteéted by U.V.-vis-
ible spectrophotometry. In sharp &ontrast, very little material was
washed off from either the control gel with no drug attat¢hed or the
daunomy¢ inone affinity gel in spite of the fadt that these gels had
been put through identical isolation procedures. Therefore, it 1is
reasonable to conclude that the materials eluted off the daunorubiéin
affinity gel at pHs 9.0 and 9.5 do represent éconstituents from the
heart that have an affinity towards the daunorubidin ligand and not
the gel components. Furthermore, these substantes appear to recognize
the domplete molecule of daunorubiéin. The chromophore of the drug
alone is not sufficient to pull these materials from the heart homo-

genate.
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G)  SATURATION OF THE BINDING SITES IN THE HEART HOMDGENATE BY DRUG

PRETREAT MENT

If the pHs 9.0 and 9.5 eluted materials from the daunorubicin
affinity gel are indeed redognizing the ligand moleéule, it should be
possible to saturate the binding sites in the heart homogenate by pre-
treating the homogenate with daunorubiéin prior to the inéubation of
the affinity gel with the homogenate. This hypothesis was subjected
to testing by the following experiment: after the nu2leases treatment
of the heart homogenate, 20 mg of daunorubi¢in HCl was added to the
homogenate (final condentration of daunorubidin 8 mg/ml, 14 mM) before
the daunorubicin affinity gel was ineubated with it. The affinity
gel was then separated from the homogenate and eluted with buffers in
the usual manner. Figure 10 shows the results of this experiment.
Since the added daunorubicin adsorbed to the affinity gel to some
extent, after the daunorubiein affinity gel was spun down the 60%
sucrose solution and plased on a glass filter (see Figure 7), it had
to be washed with 0.01 M KHoPO4 buffer to &lean off the adsorbed drug
before the pH elution step eould be 2arried out. (The pH 7 washes are
depioted as 7As or 7Bs on the graph of Figure 10. Each pH 7 wash fraé-
tion had to a volume of 2 ml.) The top panel (&ontrol sample) shows
the data obtained from a parallel sample of daunorubit¢in affinity gel
that had been put through the same procedures as the experimental
sample except the homogenate was not pretreated by daunorubigin.
We see that even after extensive pH 7 washing of the affinity gel

(7A1-7A10 total 20 ml washes), the daunorubicin reeeptive materials
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from the heart continued to bind tightly to the gel. As soon as the
elution pH was raised to pH 9 and 9.5, these materials immediately
dissoeiateds In ¢ontrast, a much smaller amount of materials éould
be eluted from the affinity gel incubated with homogenate pretreated
with daunorubicin (bottom panel). Although this experiment by itself
does not show unequivoe¢ally that the dawnorubicin added to the homo-
genate prevents the receptive materials from getting on the affinity
gel by saturating the binding sites in the homogenate, in éombination
with other data, it further supports the eoneclusion arrived at from
the previous experiments, that the heart materials are indeed retog-
nizing the daunorubic¢in molecule. A more careful study on the ability
of free drug to elute these cardias materials from the affinity gel
would provide a more e¢onvincing argument. These experiments were

done and will be distussed in a later seé¢tion.
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H) SIZE DISTRIBUTION OF DAUNORUBICIN AFFINITY MATERIALS

In an attempt to get an idea of the éomposition of the pHs 9.0
and 9.5 eluates of the daunorubisin affinity gel after the gel has
been incubated with heart homogenate, these fratctions were subjedted
to Sephadex gel filtration for sizing. The samples, which have been
lyophilized and stored dessicated in the freezer until the proéedure,
were dissolved in 0.05 ml of pH 7 0.01 M KH9PO4 buffer and applied to
the Sephadex eolumn (Sephadex G-75 fine, Pharmaeia Chemit¢al 1Iné.,
Catalog #7571). The samples were eluted with the same buffer. Eight
drops were colleated in each fraction at a flow rate of approximately
three drops per minute. The ceollected fraétions were then subjeéted
to ultraviolet speetrophotometries analysis (full UV séan from 200-350
m for ea¢h fraction). Figure 11 shows the Sephadex G-75 elution
profile of the pH 9.0 eluted materials. Apparently, the eluate was
composed of two components: a high moledular weight é&omponent with
an absorption peak at approximately 275 mm and strong absorption in
the 200-230 mm region whioch éame out in the void volume of the &olumn;
and a low molecular weight e¢omponent with an absorption peak at
approximately 256 mm whidh ¢ame out in about the bed volume of the
column.

The Sephadex G-75 elution pattern (Figure 12) of the pH 9.5 eluate
is very similar to that obtained for the pH 9.0 eluate. Again, we see
two components: a high moleéular weight one and a low moledular weight
one with very similar Sephadex c¢hromatographit¢ and speétrophotometrie

absorption properties to the corresponding parts in the pH 9.0 eluted
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materials. The majority of the low molecular weight substance appears
to be present in the pH 9.0 eluate while most of the high moledular
weight component is found in the pH 9.5 eluted fratction. From the
UV absorption speetrum and other observations, the low moleéular
weight material appears to have properties consistent with that of
some nucleotide derivative. It could represent a nutleotide éoenzyme
or the digestive produtts of the nutleases treatment darried through
the isolation protedures. Since the mole¢ular exélusion limit for

the Sephadex G-75 gel filtration system 18 approximately 75,000
daltons (for globular proteins), anything with a moledular weight
higher than that will probably be eluted in the void volume of the
¢olumn. To obtain a molecular weight estimation of the high moledul ar
weight eomponent in the pH eluates, one has to thoose a gel system
with a higher exelusion 1limit. Sephadex G-200 fine partiéle gel
filtration was used for this purpose (Sigma Company, G-200-120).
Frastion 4—6 obtained from the Sephadex G-75 8hromatography of the
pH 9.5 eluted materials were pooled and lyophilized. The dried
material was redissolved in 0.1 ml of the pH 7 phosphate buffer and
applied to the éolumn. The sample was eluted in the same buffer
(0.01 M KHpPO4 pH 7.0). Six drops were ¢ollected in eadh fradtion
at a flow rate of approximately 2.5 drops per minute. The dolleéted
fractions were subjected to UV stan from 200-350 mm. Figure 13
represents a molecular weight ¢alibration ¢turve obtained from this
experiment. As can be seen from the figure, the high mole¢ular weight
daunorubicin cardiae redeptive material falls on a position corres-

ponding to an apparent molecular weight of approximately 140,000
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FIGURE 13

Sephadex G-200 Molecular Weight Estimation of the Cardiac Receptive
Material for Daunomycin.
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daltons.

Since the amount of materials obtained and used in these é&hroma-
tographic experiments was very small, small Sephadex ¢olumns had to be
used to prevent excessive dilution (10 ml pipets were modified for
this purpose). In another experiment, pH 9.5 eluates from daunorubi-
oin affinity gel after incubation with heart homogenate were pooled
from several isolations and applied to a larger G-200 Sephadex column
(total volume 26 ml). The elution profile obtained (Figure 14) again
showed the now familiar pattern: a high molecular weight &omponent
eluted at approximately 145,000 daltons and a low moledular weight
component eluted at very late fraétions (ATP was eluted at fraetion
#38 in this c¢olumn). So the data obtained from the small &olumns are

reasonably accurate.
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1) PROTEASE TREATMENT OF THE pH 9.5 ELUTED MATERIALS FROM THE

DAUNORUBICIN AFFINITY GEL

The high molecular weight component of the pH 9.5 eluted materi-
als has an UV absorption spectrum suggestive of a protein nature.
Consequently, experiments were performed to investigate the Sephadex
elution behavior of this material in the presente of protease. The
lyophilized materials eluted from a daunorubiéin affinity gel at pH
9.5 after the gel has been indubated with nuélease-treated mouse heart
homogenate were redissolved in 0.3 ml of 0.01 M KH,PO; buffer at pH
7.0 0.2 ml of this solution was removed and pladed in a test tube
eontaining 0.15 mg of protease (Sigma Chemic¢al Company é&atalog #P-
5130. Isolated and purified from Streptomytes griseus. Type VI).
The mixture was then incubated at room temperature for 24 hr at whish
time 0.1 ml of the sample was loaded on a Sephadex G-75 6olumn and
eluted with phosphate buffer at pH 7.0 (0.01 M KHoPO4). As 4ontrol,
a parallel sample of the pH 9.5 eluted materials without the protease
treatment was applied to the G-75 column after the sample had been at
room temperature for 24 hours, to obtain an elution profile for éom-
parison (Figure 15). With the use of a larger Sephadex column and im-
proved shromatographi¢ teéhniques, one noti¢ed that the "low moleéular
weight daunorubicin reéeptive material” seen before &ould actually be
fur ther resolved into two parts. The ¢omponent with an absorption
peak at 260 mm whieh was believed to be a nuéleotide &oenzyme or a
nuc lease~degradative prodult was eluted slightly before the bed volume

(peak II in Figure 15) and another &omponent with strong absorption at
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230 mm was eluted in the bed volume (peak III in Figure 15). If the
daunorubiéin affinity gel was put through the pH elution protedures
without being incubated with the mouse heart homogenate, one would
still deteot this last component in the pH 9.5 eluate as demonstrated
by G-75 Sephadex ¢hromatography. Furthermore, this c¢omponent (as
identified by 1its spectrophotometrid absorption and Sephadex G-75
chromatographic properties) was present in all the daunorubiein
affinity gel eluates at higher pHs (pHs 10-11) with inéreasing amounts
in the more basie eluates. Therefore, it was @eonséluded that this
material in the pH 9.5 eluate (peak III in Figure 15) derived from
the affinity gel as the result of the pH elution and was not a consti-
tuent of the heart homogenate. The high moledular weight daunorubi¢in
receptive material was eluted in the void volume of the Sephadex
column as usual (peak I in Figure 15).

With the treatment of the bacterial protease, the high moleéular
weight receptive material peak disappeared while a new speties with
strong absorption at 230 mm emerged in the bed volume (Figure 16).
This new peak stained intensively with the ninhydrin readtion, under
conditions indisating the presence of Alpha amino compounds in this
Eeak (193). 1In contrast, the low moledular weight reéeptive material
(peak II in Figure 15) was not affected by the protease treatment to

any significant extent.
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J) SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF THE HIGH MOLECULAR WEIGHT

DAUNORUBICIN RECEPTIVE MATERIAL

A number of proteins if bound by the anthradyélines in the heart
could be logical receptors. A simple way to eliminate dozens of ¢andi-
dates at once is to accurately assess the properties of the one iso-
lated and compare with those of the ¢andidate materials.

SDS-polyacrylamide gel electrophoresis was utilized to analyze the
subunit structure of the protein receptive substanée for daunorubic¢in
isolated from the heart. Appropriate fra¢tions of the Sephadex G-200
elution were pooled and lyophilized. The material was redissolved in
solubilizing buffer (solubilizing buffer ¢tontained 0.04 M dithiothrei-
tol, 0.5% sodium dodetyl sulfate, 1 mM EDTA and 20% sucrose in 1/10
running buffer; running buffer e¢onsisted of 0.205 M Tris HCl, 0.205
M acetic acid and 0.1% sodium dodecyl sulfate, pH 6.4). The protein
solution was then boiled in water for five minutes before it was
applied to the gel. The polyacrylamide gels used were pre~{&ast gels
purchased from the BioRad Chemiéal Company (4% polyatrylamide precast
gel catalog #161-1001). The procedures for the a¢tual eledtrophoretid
run of the samples are described in detail in BioRad techniéal bulle-
tin #1038. A modified Fairbank method was used for the staining of the
proteins (194). Four conlentrations of Coomassie blue stain were used
in the staining procedures (Coomassie brilliant blue R-250, BioRad
Laboratories catalog #161-0400). The ¢onstitution of the staining

solutions 1is as follows:



Coomassie Blue Isopropyl Alc¢ohol Aédetie Acid
Fairbank #1 500 mg 250 ml 100 ml
Fairbank #2 50 mg 100 ml 100 ml
Fairbank #3 25 mg or less - 100 ml
Fairbank #4 - - 100 ml1

* Make to a total volume of 1 litre with distilled water.

The gels were placed in Fairbank #1 stain immediately after the
electrophoretic run. After 24 hours, they were transferred into
stain #2 for 4 hours followed by another 4 hours incubation in stain
#3. Complete destaining was accomplished by several &hanges in
Fairbank #4.

Figure 17 represents the mobility profile of the daunorubicin
ocoardiac receptive protein obtained in the pH 9.5 eluate. The material
could be resolved into two peaks: one with an apparent moleéular
weight of approximately 130,000 and the other with a moledular weight
of approximately 65,000. This profile did not depend on the presente
of reducing agents like dithiothreitol. Ineéreasing the ¢on&entration
of SDS from 0.5%Z to 3% did not éhange the relative ratio of the two
peaks. Thus the 140,000 daltons molecular weight peak in the G-200
Sephadex ¢olumn appears to consist of two different proteins: a) a
protein with a molecular weight of approximately 140,000 which is not
dissociated by SDS treatment, and b) a dimer with approximate mole-
cular weight of 65,000 per subunit that does not require dithio-

threitol to be dissoéiated.
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From these simple biochemital analytiéal techniques (Sephadex
gel permeation chromatography and SDS-polyaerylamide electrophoresis),
one is able to eliminate a large number of potential receptive pro-
teins for daunorubiein that may explain the observed &ardiotoxid
effects. For example, myoglobin (M.W. 16,900) and mitothondrial en-
zymes such as succinic dehydrogenase (M.W. 190,000) and alpha-keto-
glutarate (particle wt. of the ¢omplex = 2 x 106) ¢an be eliminated.
Contractile proteins myosin (subunit molecular weight wunder SDS
conditions used in the experiment = 200,000) and aétin (moledular
weight 42,000) which are anticipated to be two major proteins in the
myocardial musdéle cells can also be exéluded. The observation that
these proteins were not picked up by our affinity gel isolation
procedures in spite of the report that they interaét with daunorubicin
in vitro (67) confirms our expectation that the receptive materials
obtained with the methodology represent substanées with relatively

high affinity towards daunorubicin (see p. 45).
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K) INTRACELLULAR LOCALIZATION OF THE DAUNORUBICIN RECEPTIVE MATERIALS

To further ¢haracterize the daunorubidin receptive materials
obtained using our isolation protedures, experiments were performed
to determine the intracellular loéations of these substanées. The
mouse heart homogenate was prepared as deseribed previously and then
centrifuged at 100,000 xg for 60 minutes in a Bedkman Ultradentrifuge
L5-40 (40 rotor at 40,000 rpm). At the end of the éentrifugation, the
supernatant was decanted very ¢arefully and treated with nulleases.
The sample was then subjested to the daunorubié¢in affinity gel isola-
tion proecedures. The 100,000 g pellet was resuspended in 0.01 M KH7PO,
buffer at pH 7.0 and rehomogenized for 50 passes on ice (approximately
3 minutes) followed also by the nué¢leases treatment and the affinity
gel isolation procedures.

Figure 18 demonstrates the results of the pH elution of the
daunorubicin affinity gel after the gel has been indubated with the
nucleases treated 100,000 g supernatant (Figure 18A) and pellet
(Figure 18B) fractions. Materials with an absorption peak at approxi-
mately 275 mm and strong absorption in the 230 mm region were eluted
at pH 9-9.5 from the affinity gel incubated with the 100,000 g super—
natant fraction (Figure 18A). The results from the pH elution of the
gel incubated with the pellet fraetion showed an entirely different
pleture. In this ¢ase, most of the materials were eluted at pH 9.0
and these materials have a spectrophotometrié¢ absorption peak at
approximately 260 mm (Figure 18B). To determine if the pH 9.5 eluate

of the gel incubated with the supernatant fraation did ¢ontain the






Abs,

. 80

.60

. 40

.20

Abs.

. 80

.60

.40

.20

FIGURE 18A

" ~—a—

_pH Elution Profile of the 100000g Supernatant Fraction

O__O Abs. at 230 nm
== Abs. at 260 nm

A——A Abs. at 280 om

Elution pH

FIGURE 18R

pH Elution Profile of the 100. 000g Pellet Fraction

] | 1

7P1 P2 9 9.5 10. 10.5 11
’ Elution pH

73



140,000 daltons daunorubiein receptive material, the eluate was
applied to the Sephadex G-200 ¢olumn for analysis. Figure 19 shows
the results of this experiment. The majority of the material was
eluted in two peaks: a high moleéular weight 2omponent with identilal
elution properties as the 140,000 daltons daunorubicin receptive
protein destdribed previously and a low moledular weight substanée
eluted in the bed volume of the e¢olumn. The latter was identified
spedtrophotometrically as the material derived from the affinity gel
and not from the heart homogenate (see p. 66 and peak III in Figure
15).

This experiment shows that the daunorubiein protein redeptive
material isolated from the total homogenate probably resides mostly in
the soluble eytosol of the eardiac éells (although the possibility
that it was released into the 100,000 g supernatant by the homogeniza-
tion process 6annot be ruled out) while the low moledular weight,
260 mm absorbing, material is primarily in the 100,000 g pellet frae-
tion. The exadt intracellular localization of this material is not
known; if it is indeed the degradative prodults of the nudlease treat-
ment (see p. 60 and p. 64), it might have oome from the nuélei in the

100,000 g pellet.
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L) COMPETITIVE DISPLACEMENT OF THE DAUNORUBICIN RECOGNIZING MATERIALS

FROM THE AFFINITY GEL

An important possibility that has not been ruled out so far is
whether the 1isolated daunorubicin receptive materials were just as-
sociating with the amino group of daunosamine, which was charged at
the pH used in the isolation proeedures (the pK, of the amino group
of dammorubicin is 8.25 (195)), in a nomspedifis ionié type of
interaction, or were these ¢ardias materials really recognizing the
daunorubié¢in molecule speeifiéally. In other words, the daunorubiéin
affinity gel @ould just be adting as a nonspedifié ionie exehange
resin to pull any anionié material from the total homogenate.
Although this is unlikely in view of the faet that only one protein
out of the many in the homogenate was pulled out, it was debdided to
test the hypothesis experimentally and attempt to deny the specifieity
of the isolated cardiac receptive substante. A series of experiments
was performed to investigate the ability of different amino sompounds
to displase the receptive materials bound to the daunorubiein affinity
gel. An outline of the procedures used 1is presented on Figure 20.
The reseptive substances from the heart homogenate were first allowed
to bind to the daunorubiein affinity gel as deseribed previously.
The affinity gel with the materials bound was then 1ndubated in
solutions of various amino ¢ompounds. The peréentage of the redeptive
materials remained bound to the affinity gel at the end of the induba-
tion period was quantitated and ¢ompared with that of a ¢ontrol
sample where the affinity gel had been in¢ubated in 0.01 M KHoPO4 at

pH 7.0 for the same period of time.






FIGURE 20

1 BDF1 mouse heart homogenate
treated ¢/ DNase I & RNase A
incubate c/ DRB affinity gel

2 (.4 ml.) for 15 min. in 0.01M

KH2P04 buffer at pH 7.0 at
Room temp.

ayer mixture on top of 60%
3 kucrose & spin for 10 min. at
,500 rpm at 4 deg. C

4 [ollect gel beads at the bottom
pf the centrifuge tube

5 [ayer gel beads onto glass filter]

¢ ash gel beads ¢/ 4 mls. pH 7.0
D.01M KH2POgq buffer

incubate gel be;Hs in 2.5 ml. of
7 Hrug solution for 15-18 hrs. at
5 deg. C =

g [transfer gel onto glass filter &
drain drug solution using vaccumm

9 ash gel with 20 mls. pH 7.0 0.01M
KHoPOg4 buffer

elute gel with buffers of pHs 9,9.5,
10 110,10.5 & 11 at room temp.

eluent of each pH is monitored by full
11 .V.-visible scann at 200-600 nm in air

THE DISPLACEMENT OF RECEPTIVE MATERIALS FROM DRB GEL
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As a positive control for the methodology, attempts were made to
displace the receptive materials from the dawnorubidin affinity gel,
in step 7 of Figure 20, with the ligand molecule daunorubiéin itself.
Figure 21A is the UV-visible absorption speétrum of the pH 9.0 eluate
of the daunorubicin affinity gel obtained after the affinity gel re-
ceptive substances ¢omplex had been inéubated in pH 7.0 phosphate buf-
fer for 15 hours at 4° C. As before, materials with an absorption peak
at approximately 260 nm were obtained. Figure 22A represents the ab-
sorption spectrum of the pH 9.5 eluate of the same affinity gel sample
with strong absorption in the 200-240 nm region. If the affinity gel-
receptive substances complex was inéubated in a 53 mM daunorubieéin
solution (0.01 M KHyPO4 pH 7.0) instead of the plain phosphate buffer
prior to the pH elution procedures, very little material ¢ould be
eluted subsequently at pHs 9.0 or 9.5 as indietated by the absorption

spedétra of the pHs 9.0 and 9.5 eluates (Figures 21 B and 22B).

The ability of other amino compounds to displate these aardias
receptive materials from daumnorubicin affinity gel in step 7 (Figure
20) was then tested. The amino ecompounds tested included gludosamine,
norepinephrine and histamine. Gludosamine was thosen beéause it was
structurally similar to daunosamine, the amino sugar of daunorubidin.
Previous experiments showed that the reteptive materials did not
recognize the daunorubicin chromophore aglydone, daunomy¢inone, in
our experimental conditions. It is of interest to find out whether
the receptive materials have an equal affinity towards the amino
sugar, daunosamine, thus denying the spec¢ifidity of the reteptive

materials to the ¢omplete drug molecule. Ideally, the amino sugar
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FIGURE 21B
X4

Displacement of Feceptive Materials from DRB Affinity Gel

with Daunorubicin : pH 9 Eluted Materials. Exptal. Sample
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FIGURE 22B

Displacement of Receptive 'Naterials From DRB Affinity Gel

with Daunorubicin : vH 2.5 Eluted Materials. Exvtal. Sanmiple
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daunosanine should‘ be used in the experiment. Unfortunately, an
adequate quantitity of this sugar was not available. Consequently,
the most similar hexose ¢ommercially available, glucosamine, wés
used in the experiment (Sigma Chemical Company, D (+)glucosamine

HCl, Catalog #G4875).

2-amino-2-deoxy-D-glucose

(glucosamine)

Like daunosamine, the amino group of glucosamine (pK, 7.6-7.8 (196))
is expected to be largely protonated at the pH condition of our dis-
placement experiment and 1if it recognizes the binding sites of the
cardiac receptive materials, it should be able to displace these
materials from the affinity gel. Norepinephrine (Sigma Chemical
Company, DL-Arterenol catalog #A-7256) was examined because it also
possessed a free amino group and the pK; of this group was close to
but slightly higher than that for daunorubicin (pK,; for norepine-
phrine = 8.5 (197))1 If charge was the only important parameter in the
observed affinity gel-receptor binding, under identical pH and molar

concentration conditions, norepinephrine in solution should be more
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effective in displacing the receptive materials from the affinity
gel in comparison with daunorubicin. L-norepinephrine, the adtive
isomer in vivo, was also tested to see if one could deteet any dif-
ference between the biologically active ¢ompound and the racemic mix-
ture in their ability to displace the receptive materials from the
affinity gel. This was an approach taken to determine if the isolated
daunorubicin receptive materials, especially the protein substance,
was identical to the norepinephrine receptor in cardial &ells. Nor-
epinephrine is known to &ause c¢ardia¢ arrhytbmia (198) and it is
possible that the arrhythmic property of the anthraé¢ydlines is due
to their stimulation of the norepinephrine receptors on heart ¢ells.
If this is indeed the ¢&ase, one should be able to get a positive
displacement result in the experiment and the L-norepinephrine should
be more effective than an equal concentration of the racemic mixture.

Histamine reactions such as flushing of the skin and local and
systemi¢ reactions including urtitaria, erythema and analphylaxis have
been observed in patients after anthracyéline administration (199-202)
and some of these symptoms could be prevented or treated with anti-
histamine medications (200). Rec¢ently, Herman demonstrated that adria-
myc in-induced hypotension in the Beagle dog ¢ould be suppressed by
tripelennamine, an antihistamine (203). These observations led to the
hypothesis that the anthracy¢tlines might be exerting some of their
effects by stimulating endogenous histamine receptors. Consequently,
histamine (Sigma Chemical Company, histamine dihydro¢hloride catalog
#17250) was included in the cardia¢ receptive materials displacement

experiments to find out if these materials had any affinity towards
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histamine.

Table 3 summarizes the results of these experiments. Daunorubi-
cin, at a concentration of 0.2 M, was not very effe¢tive in dislodging
the cardiac materials from the daunorubi¢in affinity gel. As the
drug concentration inc¢reased, a higher and higher per¢entage of the
receptive substances was displaced. In general, the pH 9.5 eluted
materials containing the 140,000 daltons receptive protein was less
readily displaced than the pH 9.0 eluted materials, consisting mainly
of the low molecular weight 260 mm absorbing species. With a fifteen
hour incubation at 4° C in a 53 mM daunorubicin solution, as muéh
as 857% of the pH 9.0 eluted materials and 65% of the pH 9.5 substances
were displaced. Higher concentrations of daunorubicin were not
tested because of the large amount of drug required. In c¢ontrast,
none of the other amino compounds tested was very effective. Since
all the chemicals used in these experiments were in the hydrochloride
form (histamine 2 HCl, norepinephrine HCl and glucosamine HCl), the
effect of sodium chloride in the displacement experiment was investi-
gated as the control for the salt effects. Results showed that al-
though NaCl (60 mM) was capable of dissociating some of the pH 9.0
eluted materials from the affinity gel, it had no effect on the
binding of the pH 9.5 eluted substances. Therefore, the 20-30%
"displacement” of the pH 9.0 eluted materials by histamine, norepi-
nephrine and glutosamine observed was probably due to a salt effect
resulting from the addition of the drugs as their hydrochloric salts,

rather than a specific displacement by the compounds.
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TABLE 3 THE DISPLACEMENT OF DAUNORUBICIN RECEPTIVE
MATERIALS BY AMINO COMPOUNDS
Incubatjon % displacement at 260 nm
Drug Concentration Conditions PH 9 Eluent | pH 9.5 Eluen(
Daunorubicin 0.2mM |8 mins. @R. T. 0. 7% -8%
Daunorubicin 18 mM l1hr. @ R.T. 37% 5%
Daunorubicin 35 mM 4 hrs.@ R. T. 60% 18%
Daunorubicin 35 mM |18 hrs.@4'°C 70% 40%
Daunorubicin 53 mM 15 hrs. @ 4°C 85% 65%
Histamine 35 mM 18 hrs. @ 4°C 34% 4%
Nor - Epi (d+1) 35 mM 18 hrs. @ 4°C 20% 19,
1-NorEpi 53 mM 15 hrs. @ 4°C 20% -5%
Glucosamine 53 mM 15 hrs. @ 4°C 30% 5%
NacCl 60 mM 25% -3%

18 hrs. @4°C
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Previous experiments showed that the ¢hromophore of daunorubiéin
alone was not sufficient for the ¢tardia¢ receptive materials binding.
Together with the results obtained in the displatement experiments,
it appears that the ¢omplete molecule of daunorubicin 1is neéessary
for the binding to take place. Unfortunately, daunosamine was not

avallable for testing for a more definitive answer.
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M) THE ISOLATION OF CARDIAC COMPONENTS WITH ADRIAMYCIN AFFINITY GEL

A protein material from the mouse heart that recognizes dauno-
rubicin and appears to have a very high specifié¢ affinity for the drug
has been identified. But does the recognition of this material extend
to other structurally similar anthracycline antibiotids or is it speé-
ifically a daunorubicin "receptor”? To approach this problem, another
readily available anthracycline antibiotic presently used very exten-
sively for cancer treatment, adriamy¢in, was chosen to be examined.

The question we are asking is, "Will the daunorubitin receptive
materials recognize adriamy¢in too?”™ To answer this question, the
receptive materials displacement procedure was employed. The ability
of adriamycin to displace the cardiac receptive substances from the
daunorubicin affinity gel was investigated. By looking at the ability
of adriamycin to displace in comparison with daunorubicin, one might
be able to get an estimation of the relative affinity of these two
anthracyclines towards the receptive materials. To carry out the
experiment, the cardiac substances were first bound to the dauno-
rubicin affinity gel in the usual manner and the c¢omplex was then
incubated in an adriamycin solution. At the end of the in¢ubation,
the percentage of the receptive materials remaining on the gel was
quantitated. Although 35 mM of adriamycin was able to displace all
the receptive substan¢es from the daunorubicin affinity gel after an
incubation period of 18 hours at 4° C, there was a problem in the
interpretation of this data. Adriamycin adsorbed to the affinity gel

to a great extent and it took a prolonged period of washing with large
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volumes of 0.01 M KHyPO4 buffer to wash off the drug stitking to the
affinity gel at the end of the gel-adriamy¢in incubation period,
before the pH elution step ¢ould be ¢arried out. Consequently,
another approach must be used.

Adriamyoin ligand affinity gel was synthesized using the same
method employed in the synthesis of the daunorubitin affinity gel and
the behavior of this affinity gel in the ¢ardia¢ receptor isolation
protocol was investigated. Figure 23 depidts the pH elution profile
of the adriamycin affinity gel after the gel has been ineubated with
nuelease-treated mouse heart homogenate. There was a slight modifi-
cation of the prodedures used in this experiment. After the affinity
gel was sedimented in 60% sucérose and placed on glass filter, it was
washed twice with 2 ml of 0.01 M KH;PO4 pH 7.0 buffer (a total of
4 ml) instead of washing it with 2 ml of the phosphate buffer (see
Figure 7) as was done previously, to ensure a more complete washing
of the gel before ingreasing the elution pH. On the graph of Figure
23, the data points 7(1) and 7(2) represent the first and second two
ml of the pH 7.0 phosphate washes before the elution pH was raised
to pH 9.0. Unlike the results obtained for the daunorubié¢in affinity
gel (Figure 8), most of the materials were eluted off the adriamyetin
affinity gel at pH 9.0 while the eluates of the higher pHs showed
some general absorption in the 225-240 mm region. Judging from the
intensity of the color that came off the gel with elution at high
pHs, adriamycin appeared to be more susé¢eptible to dissociation from
the gel matrix at the more basic pHs in comparison with daunorubicin

(see p. 47). The pale violet 6olor of the eluates of higher pHs
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FIGURE 23

pH Elution Profile of Adriamycin Affinity Gel After Incubation with Mouse
Heart Homogenate
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(pH 9.5-11.0) disappeared the next morning (samples were stored in the
refrigerator overnight) when the eluates were analyzed speé&trophoto-
metrically, indicating that the chromophore of the drug was probably
not stable at alkaline pH.

The pH 9.0 eluate from the adriamycin affinity gel was subse-
quently subjected to gel filtration chromatography for sizing. Previ-
ous experience with Sephadex gels was not very satisfactory, especial-
ly with the Sephadex G-200 gel system. The gel beads were so tompres-—
sible that the column became clogged after running a few samples and
the flow rate was extremely low. Consequently, a new gel system
Sephacryl S-200 (Pharmacia Fine Chemical Sephacryl S-200 superfine)
was utilized in these experiments. Sephaeryl S-200 behaves similarly
to Sephadex G-200 in the chromatographic elution ¢haracteristiés of
macromolecules and it has better rigidity and reasonably good flow
properties. Figure 24 shows the elution profile of the adriamyé¢in
affinity gel pH 9.0 eluate on a Sephaecryl S-200 ¢olumn. It ¢ould be
resolved into three components: a high moledular weight é&omponent
and two components with low molecular weights. The high molecular
weight material (peak I in Figure 24) had a spectrophotometric ab-
sorption peak at approximately 275 mm and strong absorption in the
200-250 nm region, and was eluted from the Sephacryl c¢olumn at the
same position as the daunorubi¢in recognizing protein isolated pre-
viously using daunorubicin affinity gel, and lactic dehydrogenase
from the beef heart (M.W. 140,000). SDS-polyacrylamide gel electro-
phoresis of this material showed one single protein band with the

same migration characteristic (as measured from a cytot¢hrome C band
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added as a reference protein band) as the low molecular weight band
of the daunorubicin recognizing protein (Figure 17) (molecular weight
approximately 65,000 daltons). Unexpectedly, after Sephaaryl gels the
high molecular weight protein band with 140,000 molecular weight seen
in the daunorubic¢in receptive protein's ele¢trophoretic run (Figure
17) was not observed in this experiment for either the pH 9.5 eluate
from the daunorubicin affinity gel or the pH 9.0 eluate from the adria-
mycin affinity gel. In spite of using the same eleltrophoretié condi-
tions, repeated experiments with pH 9.5 daunorubié¢in affinity gel elu-
ates afterwards never confirmed previous SDS-eleetrophoreti¢ results
where both the M.W. 140,000 and the 65,000 daltons protein bands were
observed, although the latter ecomponent appeared é&onsistently in all
the experiments. The reason for this dis¢repancy is unknown.

Materials in peak II of the Sephacryl S-200 elution profile
(Figure 24) had an absorption peak at approximately 260 nm and
resembled spectrophotometritally the ¢omponent in the daunorubiéin
gel eluates which was believed to be the degradative produtts of the
nuc lease treatment (peak II of Figure 15). A final component (peak
III in Figure 24) exhibited identical spectrophotometric characteris-
tics to the material eluted from the daunorubié¢in affinity gel shown
to have derived from the gel and not from the heart homogenate (peak
III in Figure 15 and see discussion on p. 64-66).

The pH 9.5 eluate of the adriamyein affinity gel was also ana-
lyzed with the Sephacryl S-200 ¢éolumn and its elution profile is shown
in Figure 25. Most of the materials in this eluate were ¢omposed of

substances with identical dhromatographie and speétrophotometric
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properties as the material in peak III of the Sephacryl separated pH
9.0 adriamycin affinity gel eluate (Figure 24).

From the results of these experiments, it appears that the dauno-
rubicin receptive materials do also recognize adriamycin. Higher quan-
tities of the cardiac substances could be isolated using daunorubic¢in
affinity gel than could be accomplished with an equal volume of the
adriamycin gel. This seems reasonable because the daunorubit¢in gel
has a higher ligand capacity than its adriamytin éounterpart (see p.
39). The receptive protein which was eluted off the daunorubie¢in
affinity gel at pH 9.5 dissociated from the adriamycin ligand gel at
pH 9.0. This might be due to a difference in the pK, of the amino
group in the two compounds. Skovsgaard reported a pK, of 8.25 for
daunorubicin and 8.15 for adriamyein (195). This results in a lesser
degree of ionization for adriamycin at the pH of the pH 9.0 elution
and may explain why the receptive protein dissociated from adriamyein

affinity gel at a lower pH in comparison with daunorubicin.
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N) ISOLATION OF MEMBRANE ASSOCIATED DAUNORUBICIN RECOGNIZING MATERIALS

Since our receptor isolation procedures involve the sedimentation
of the affinity gel through 60% sucrose solution at 4° C, a question
is raised whether the "redeptor-drug” ¢oupling is strong enough to
pull membrane associated receptive materials down through the dense
sucrose solution and be subsequently isolated. The anthraeyclines
have been reported to alter the surface properties of ¢tultured éells,
inhibit sodiumpotassiumactivated adenosine triphosphatase from heart
microsome and interfere with mito¢hondrial energy production (see p.
16-18), all of which implit¢ate the possible interaction of the anthra-
cyclines with membrane components. Consequently, a study was initi-
ated to find out if one can isolate additional receptive materials
from the mouse heart homogenate whose membrane é¢omponents have been
solubilized by detergent treatment.

Mouse heart homogenate was prepared as previously described (p.
46) and eentrifuged at 100,000 g for 60 minutes. The supernatant
which contained the 140,000 daltons rec¢eptive protein was delanted
carefully. The pellet fraction was resuspended in four ml of 0.01 M
KHoPO4 buffer at pH 7.0 and rehomogenized for 60 passes for approxi-
mately three minutes. The suspension was then separated into two por—
tions of equal volume. 0.05 ml of triton x-100 (Sigma Chemical Comr
pany) was added carefully to one of the portions (portion A) while an
equal volume of the 0.01 M phosphate buffer was added to the other
(portion B). The two samples were then gently shaken at room temper-

ature for a period of ninety minutes. At the end of the insubation






period, the samples were dialyzed against 0.01 M KHoPO4 at pH 7.0 at
50 C for twenty-four hours. The samples were then subjected to the
daunorubicin affinity gel isolation procedures (Figure 7).

Triton x-100 is an alkylphenylpolyoxyethylene ¢ondensate (average
M.W. 628) which has been used extensively for the solubilization of
membrane structures in the fields of pharmac¢ology, tell and molecular
biology and biochemistry (204). It solubilizes membrane very effi-
ciently and, because of its nomionic character, it éan be included
in situations where the ionic enviromment is a critical éonsideration
such as in the ¢ases of ion exchange ¢hromatography and some reé¢eptor—
ligand binding experiments (205-206). Although nomionic detergents
in general are not as effective in their ability to solubilize membrane
in comparison with the 1ionié¢ type of detergents, they are usually
more gentle in their denaturation aétion and ¢ause far less é&onfor-
mational changes in membrane components than their ionié counter—-
parts. The degree of membrane solubilization depends on the detergent
concentration. With 1% (v/v) triton x-100, Cuatrecasas was able to
release 80% of the 125I-labelled insulin binding attivity of fat or
liver membranes into the high-speed ¢&entrifugation (300,000 g x 2
hours) supernatant (205). On the other hand, 1.5% triton x-100 (v/v)
was required to bring 807% of the tritiated-burgarotoxin binding mate-
rials in the tougher rat diaphragm muscles into solution (207). In our
experiment, a 2.0% triton x~100 solution was used to ensure more &6om-
plete membrane solubilization. With this concentration of the triton
x-100, the turbidity of the resuspended 100,000 g pellet fraction was

markedly reduced and assumed a relatively clear pinkish ecolor. In the
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experiment, the triton x-100 was not removed before the fraétion was
subjected to the daunorubicin affinity gel isolation procedures. The
detergent has the tendency to form micelles in aqueous solution and
behaves as a large molecular weight aggregate (208-209). Hence, the
dialysis step was not effective in removing the detergent from the
homogenate. However, it was felt that since any influence that the
detergent might have on the binding of cardia¢ c¢omponents with the
daunorubicin affinity gel would be hydrophobic in nature and our
isolation procedures would not pick up materials weakly hydro-
phobically bound to the gel anyway betause of the 60% sucrose tentri-
fugation step (see p. 45), it was unnecessary to remove the detergent.
This notion was supported by the observation that the isolation of
the 140,000 daltons daunorubicin recognizing protein from the 100,000
g supernatant was not affected by the presence of triton x-100 in
the same concentration. Furthermore, there has been experimental
evidence suggesting that the membrane components might reaggregate
upon the removal of the detergent (209-212). Therefore, it was
decided to run the isolation procedures without removing the triton
x-100. Some detergent stayed adhered to the affinity gel after the
centrifugation step in 60% sucrose (see Figure 7) and it was neéessary
to wash the gel with 6 ml of 0.01 M KHPO,; buffer at pH 7.0 to ¢lear
the gel of the detergent before the pH elution ¢ould be carried out.
Materials with an absorption peak at approximately 260 mm and very
little absorption in the 200-240 nm region were obtained when the elu-
tion pHwas raised to 9.0. At pH 9.5, substantes with broad absorption

in the 200-275 mm region were eluted. These materials were subjected
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to Sephacryl S-200 chromatography and the result is shown in Figure
26. Since this was the same Sephacryl 5-200 column used in the analy-
sis of materials eluted from the adriamycin affinity gel after the
gel had been incubated with the nucleases treated heart homogenate
(Figure 24), one can compare the elution profiles of the two experi-
ments. Only two components were observed in Figure 26 whiéh éorres-
ponded both chromatographieally and spectrophotometrically to peak II
and peak III on Figure 24 (see p. 93 for the identifiéation of the
materials in these peaks); no material éould be detec¢ted in the high
molecular weight region of the Sephatryl elution profile. So it
appeared that the treatment of the resuspended 100,000 g pellet
fraction with triton x-100 did not result in the solubilization of
any membrane components that would recognize the daunorubie¢in affinity
gel under our experimental conditions.

In the course of the experiment, it was noticed that the quantity
of receptive materials isolated from the triton x~100 treated 100,000
g pellet fraction was much lower than that which ¢éould be obtained
from a pellet fraction untreated with the detergent under the same
conditions. Apparently, the presence of triton x-100 in the homo-
genate in some way reduced the amount of materials that ¢ould be
bound to the affinity gel. Consequently, efforts were made to remove
the detergent from the homogenate prior to its incubation with the
affinity gel. This turned out not to be a trivial problem.

The difficulty in removing triton x-100 from the sample results
mainly from the nomionie nature of the triton molecule and its

extremely low critical micelle ¢oncentration. The &ritical mitelle
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concentration of triton x-100 was reported to be 0.017% at 37° C in
60 mM potassium phosphate at pH 7.2 (213) or 0.01% under unspecified
conditions (214). As a result, the detergent behaves as a large
molecular weight aggregate in aqueous enviromments in spite of its
low intrinsi¢ molecular weight. Any attempt to remove it as low
molecular weight species using techniques such as dialysis or gel
filtration is destined to fail. One can perhaps take advantage of
the low density of these detergent micelles and utilize sucrose
density gradient centrifugation for its removal. But this te¢hnique
is very time consuming and is therefore inappropriate for our purpose,
as this would greatly increase the probability of denaturation of our
cardiac components. After numerous frustrated attempts, it was
finally discovered that triton x-100 has a very high affinity towards
a neutral porous styrene-divinylbenzene ¢opolymer bead éommercially
available (BioRad Laboratories, Bio-Beads SM-2 ¢atalog #152-3920).
This copolymer is in the form of rigid, insoluble tiny gel beads
(molecular exclusion 1limit 14,000) which can be removed from the
sample by simple filtration. Figure 27 illustrates the effectiveness
of this material to remove triton x~100 from 0.01 M KHPO4 buffer at
pH 7.0. The concentration of triton x-100 remained in solution
was followed spectrophotometrically at 275 mm. As much as 95% of the
detergent was removed by the beads within one hour and at the end of
three hours, the concentration of triton x-100 in solution was reduced
to 0.006% which was already below the critical micelle c¢ontentration.
The concentration of protein present in the solution was reported not

to be affected significantly by this treatment of the SM-2 beads (215).
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Using this procedure followed by 20 hours of dialysis at 4° C, one
can remove all detectable trace of the triton x-100 from the phos—
phate buffer. This methodology was then applied to the triton treated
pellet fraction before the fraction was incubatd with daunorubitin
affinity gel in the receptor isolation procedures. The results showed
that even after the elimination of the detergent, no new material
could be isolated from the triton x-100 treated 100,000 g pellet
fraction using the daunorubicin affinity gel. However, due to the
many manipulations of the homogenate (triton x-100 treatment, SM-2
beads treatment, dialysis) prior to its ineubation with the affinity
gel, 1t 1is very possible that there might indeed be small amounts of
other daunorubicin recognizing substances that were solubilized by
the detergent but were, during the preparation of the sample, altered

to betome less specifid or effectively detected.
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CONCLUSIONS

Based on the results obtained from this study, we can deny the
hypothesis that DNA is the only high affinity cardia¢ receptor for
the antitumor anthracycline antibioties. Using a newly developed
affinity gel 1isolation procedure, a protein was 1solated from the
mouse heart that re¢ognized daunorubié¢in and adriamyéin speéifitally
and with high affinity. The 1isolated protein has the following
properties:

-~ This protein recognizes the adtive antitumor anthrad¢yeclines
adriamycin and daunorubicin specifically but does not have an affinity
towards the inactive metabolite of daunorubicin, daunomye inone.

= This protein is mainly localized in the cytoplasm of cardiac
cells.

- Sephadex gel filtration {hromatographi¢ analysis indicated
that this protein has an apparent molecular weight of approximately
140,000 daltons.

= Under SDS-~polyacrylamide gel elettrophoretic éonditions, the
protein can be dissociated into subunits with molecular weight of
approximately 65,000 daltons.

- This protein is distinét from the histamine and the norepi-
nephrine reteptors in cardiac aells as evidenced from its lask of
affinity towards histamine and norepinephrine. It also does not
have any significant affinity towards glucosamine, an amino sugar
structurally similar to daunosamine, the hexose attaihed to the

aglycone chromophore of the anthracycline antibiotics.
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The most Important hypothesis to be tested at this point 1is
that the interaction between this material and the anthraéy&lines is
indeed related to the cardiotoxieity induéed by these agents. Sinde
the drug response we are dealing with here is gross &ell damage, we
do not have the luxury of working with a spe¢ific, immediate easily
measurable physiological reaction resulting from the drug-reéeptor
interaction as in some other fields of pharmacology (e.g. a change
in the ion permeability, the ion flux or the membrane potential
resulting from the binding of neurotransmitters to their recep~
tors). Furthermore, we do not have the advantage of having agonist-
antagonist pairs from which we &an generate a great deal of informa-
tion. It becomes exceedingly diffieult to show a dause and effeot
relationship between the binding of some ¢ell ¢omponent with the drug
molecule and the ultimate physiological response observed. What is
more complicated 1is the possibility that there might be more than
one such interaction that 1s contributing to the final pidture of
oardiac cellular damages.

Preliminary experiments showed that this anthracytline reéeptive
protein might also be present in the mouse liver. However, this
does not necessarily negate the involvement of this protein with the
cardiotoxicity seen. The physiologit¢al role the heart plays 1in the
body makes it a very special organ. Its bonstant performande as a
punp throughout the lifetime of the organism is a basie condition
for the circulation of blood and therefore for the oxygen supply to
the whole body whose absente would mean instant death. This uninter—

rupted vigorous mechanical activity distinguishes the heart from the
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other organs. Therefore, the binding of the drug with a constituent
in the heart may conceivably have a very different significance com—
pared to the binding of the same component in the liver. In addition,
the liver is known for its remarkable activity in drug metabolism and
the fate of an agent in the liver might very well be dissimilar than
that in the heart. Anthracyclines are also hepatotoxi¢, but this 1is
much more reversible in the rapidly regenerating liver tissue than in
cardiac tissues. A c¢areful and much more extensive study of the
tissue distribution of this protein in the body is needed to look at
this problem in more detail.

There are two approaches to establish the possible relationship
between the cardiac proteimanthracycline binding and the observed
cardiotoxicity. Since the anthra¢yélines are not endogenous ¢ompounds,
it is highly unlikely that the receptive protein is a true anthra-
cycline receptor in the sense that it only recognizes the anthra-
cyclines. Presumably, the protein is in the ¢ardiac cells to serve
a purpose or it would probably not have survived the vigorous proéess
of evolutionary elimination. One can therefore attempt to identify
this protein and define its intrinsic funotion in vivo. One ¢an
further characterize this anthracycline receptive protein by deter—
mining its amino acid composition and sequence in the hope that the
protein may have been described by other investigators previously.
Another approach is to test to see 1f the protein has an affinity
towards endogenous compounds with structures resembling the anthra-
oycline molecule. Alternatively, one &an screen this protein for

enzymic activities known to be present in the cell cytosol. Very
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recently, it was reported that adriamyein inhibited a previously
undescribed metmyoglobin reduc tase isolated from the 100,000 g super-
natant of beef heart homogenate (216). This cytosol protein redused
metmyoglobin to 1its oxygemc¢arrying form. Additionally, 1t was
shown that adriamyecin actelerated the oxidation of oxymyoglobin to
metmyoglobin. Thus, adriamy¢in may ¢onceivably 8ause a deérease in
the intracellular oxygen carrying ¢apacity in the heart by interfering
with the oxidationredustion of myoglobin. Unfortunately, the physiéo—
chemical properties of the enzyme were not deséribed in the paper.
By this approaeh a protein suth as this may be a candidate for our
anthracyeline recognizing protein isolated.

If one can find out the funétion of the receptive protein in the
myoocytes, one ¢an try to interfere with its function by other means
and demonstrate that this will ¢reate the same pathophysiologit¢al
plcture observed in the anthracycline induced cardiotoxic¢ity. Alter-
natively, one might be able to protect the protein or rescue it funé-
tionally in some way after anthracycline administration and show that
this maneuver e¢an prevent the ¢ardiotoxit aétion of the drugs.

A less direct approach to addressing the possible relationship
between the &ardiotoxie¢ effect and the anthradyéline-protein interaéd-
tion 18 to do correlation studies between the binding affinities of
various anthracycline analogs towards the protein, and their in vivo
cardiotoxisity. The more cardiotoxic éompounds would hopefully have a
higher affinity towards this protein if the interattion is indeed im-
portant for the observed cardiotoxicity. However, this éonsideration

is complicated by pharmacokineti¢ differences between the analogs.
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An in vitro assay of cardiotoxicity may help in this respest (e.g.
cultured cardiac ¢ells). A binding assay would also have to be
developed. The competitive displacement experiments used in this
study (p. 76) are qualitative at best and will not be able to
distinguish small differendes in the binding constants.

This correlation studies approath to the problem is further
hindered by several factors. Radio-labelled drugs are not <¢ommer—
cially available and have to be synthesized. Although the method-
ology has been published (217-218), it is very time consuming. The
unavailability of anthratycline analogs and the seart¢ity of in vivo
cardiomyopathi¢ data, espeéially in mice, pose additional diffi-
culties. But unless these experiments are performed, the physio-
logical importance of the anthracycline-cardiac protein interaction

uncovered by this study remains to be established.

Finally, this report will not be ¢omplete without a brief
discussion of the potential usage of the receptive materials isolation
procedures developed in this study. The protedures are teéhnitdally
very simple; it requires no sophisticated instrumentation and it is
relatively inexpensive to be carried out. In this study, the tech-
nique was employed to tackle the toxicity problem of the anthra-
cyclines. Using the same technique, one ¢an begin to answer a lot of
very important questions ¢oncerning the pharmacdological aastions of
the anthracyclines in a very direct way. Some of these questions
include:

- Is DNA the only receptor in cancer cells?
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Do cardiac cells and ¢tancer cells possess the same receptor?
If the answer to the previous question is negative, we ¢an
then ask, "Can we design drugs of enhanced spetifi¢ity around
this difference?"”

Do the same receptive materials exist in the heart of different
animal species?

Do all the anthracytline analogs recognize the same receptors
in cancer cells, in cardiac¢ cells? In partic¢ular, what is the
receptor for the N-trifluoroacetyl analogs (see p. 20)?

Do the metabolites of the anthracyslines recognize the same
receptor as the parent compounds?

Does anthracyeline reéeptor(s) vary qualitatively or quantita-
tively during different phases of the cell &ytcle?

How does resistance towards the anthracyélines develop? 1Is
there any difference in the receptor content in the sensitive
cells versus the resistant cells? Are there different types

of receptors in the sensitive versus resistant tumor &ells?

Since the study of drug receptors and especially those used in

chemotherapy is still an infant science, each study such as this not
only answers many Iimportant questions but opens the door to seeing

many new questions.
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