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PREFACE

The underlying study was performed on the Radio-Nuclide Centre

of the Free university Amsterdam, the Netherlands, and was

started at the end of 1977 as one of the areas of investigation

concerning radio-pharmaceutical chemistry.

The choice of a "hot topic" as bleomycin as starting material to

develop a new tumor localizing radiopharmaceutical quaranteed

exciting experiments. A lot of recent information obtained by other

investigators could be used in planning and performing experi-

ments .

Due to the worldwide interest in bleomycin, the results obtained

have been published as quickly as possible. These papers are

copied integrally in this thesis. Being aware of the provisional

character of the discussions given in these papers, the submission

date is mentioned at the head of each paper.

The literature, mentioned in the Life Sciences of the Current

Contents up to Vol. 24 no. 39 (september 7, 1981) has been noted,

and if necessary incorporated in this thesis.

I am very grateful for the assistence of many people in working

up my thesis. I thought this assistence essential in performing

experiments successfully concerning this multidisciplinary

subject.

Amsterdam, October 1981 C.M. Vos



INTRODUCTION

CHAPTER A.

INTRODUCTION: BLEOMICIN AS A TOOL TO DEVELOP A TUMOR LOCALIZING

AGENT

1. NUCLEAR MEDICAL INTEREST IN A TUMOR LOCALIZING RADIO-
PHARMACEUTICAL

In nuclear medicine radiopharmaceuticals are used to image

physiological or pathophysiological processes (69). 'Radio-

pharmaceuticals' is nowadays the common expression for what was

earlier called: 'radioactive dyes' (42). Such a radioactively

labeled compound, when administered to a living organism, inter-

acts specifically with a target organ/, by which position and

physiological properties may be visualized by detecting the

radiation emitted by the radionuclide.

McAfee presented a list in 1975 with thirteen important medical
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diagnostic problems, which might be partly solved by nuclear me-

dicine (37). Specific localization of tumors is mentioned at the

head of the list.

The profile of an ideal tumor localizing radiopharmaceutical is

delineated in Table A.I (17,38).

Table A.I Properties of the ideal tumor localizing agent

Radionuclide .
gamma-energy - 100 - 200 keV 2

half-life - hours to a few days
availability - high

Radiopharmaceutical
preparation - simple
stability - high iin vitro as well as in vivo)
specific activity - high
kinetics - fast and high tumor uptake, low

organ uptake, low blood level and

toxicity - low
radiation exposure • low

high renal clearance

„. for optimal detection with the common gamma-camera
long enough to be able to monitor the tumor uptake and as

-.short as possible for reasons of environmental contamination
a high specific activity means a low quantity of mass and a

..correspondingly lower toxicity
under these conditions high tumor/tissue ratios are realized

There are two methods of neoplasm localization (34) : specific,

where increased uptake of the radiopharmaceutical by the neoplasm

is observed, and non specific, where alteration in tissue results

in abnormalities in the uptake by the affected organ.

Examples of non specific tumor visualization are the classical

'cold lesions' in liver and thyroid, if Tc-collold respecti-

vely Tc-pertechnetate are applicated. 'Hot areas' are also

possible with the non specific method e.g. if mTc-phosphates

or Sr are injected to visualize osteos metastases^
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Some metals like indium and gallium show a preferential uptake

by neoplasms. Especially Ga is commonly used as a specific

tumor localizing agent. However its tumor specificity is rather

low and limited to Hodgkins disease, lymphomas, hepatomas, me-

lanomas and acute Leukemia (22). A specific high tumor uptake

may be possible from antitumor antibiotics or other compounds

which are in use for treatment of neoplasms. And indeed, labeled

tetracycline but especially bleomycin show a preferential tumor

uptake.

Nevertheless it should be kept in mind that because of the vast

variety of malignant and benign tumors it is unlikely that a

single radiopharmaceutical could be produced, which would detect

the whole area of neoplasms.

2. DISCOVERY OF BLEOMYCIN

The bleomycins are a group of glycopeptide antibiotics produced

by Stveptomyoes vevticillus, which strain was isolated by

Umezawa and coworkers from a soil sample collected at a coal

mine in Japan (70) . Probably bleomycin producing strains have

been also found in the Soviet Union and China: papers from

those countries mention the existence of bleomycetin (19) and

zhengguangmycin (33); the properties of these antibiotics cor-

respond to those of bleomycin. Recently the discovery of anti-

biotics related to bleomycin was described viz.: tallysomycin

(25), SF-1771 (51), SF-1961 (60) and cleomycin (72).

Bleomycin (blm) is found as a mixture of glycopeptides which

differ in their terminal amine (see Table A.2). Upon addition

of a specific amine to a culture of Streptonyees vertioillus

the abundance of the corresponding blm can be enhanced (18).

Chemical and biological modifications of blm are possible (65)

yielding the so-called second generation blms, e.g. peplaomycin
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(67). In Chapter D the modification from blm A_ to pepleomycin

is described. In Table A.2 the terminal amines of the blras

used in this thesis are given.

Table A.2 Terminal amines of some bleomycins

bleomycin terminal amine

demethyl A

-NH-CH2-CH2 —CH2 —S — CH3

CH3
3-aminopropyl-dimethyl-sulfonium

- NH - CH2 - CH 2 — CH 2 - S — CH 3

3-methyl-thiopropylamine
O

II
- NH — CH2 — CH 2 — CH 2 — S — CH 3

3-methyl-sulfonyl-propylamine

- N H — C H 2 — C H 2 — C H 2 — C H 2 —NH —C — NH2

II
agmatine MH

- N H - C H 2 —CH2—CH2—NH— C

CH3
N-3-aminopropyl-1-phenylethylamine

The most abundant natural blm is blmA_ (55-70%), followed by blm

3 (25-32%). The different blms can be separated by ion exchange

chromatography, silicagel and reversed phase chromatography (45,

75). The structural studies were recently reviewed by Umezawa

(73). Further evidence for the proposed structure was recently

obtained by N-NMR (46) and field desorption mass spectrometry

(13). The structure of the blms, mentioned in Table A.2. are

shown at the back flap of this book. Total hydrolysis of blm

pepleomycin
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gives 7 amine components and 2 sugar rings (see Table A.3). Very

recently the total synthesis of deglyco-blm A„ was described (66).

The total synthesis of blm A_ is expected shortly by utilizing

the meanwhile synthesized 2-0-(a-D-mannopyranosyl)-L-gulopyranose

(69).

In 1979 the proceedings of a symposium on the chemistry, bio-

chemistry and biology of bleomycin appeared, summarizing the

status of the experimental work on bleomycin until 1978 (21).

3. BLEOMYCIN AS AN ANTINEOPLASTIC AGENT

Bleomycin (blm) possesses a broad spectrum of antibacterial

activity (26). Clinical studies show that bleomycin is effective

against squamous cell tumors, lymphoma's and testicular carci-

noma 's (4,7).

Due to the relatively high pulmonary toxicity of blm A_ many

blm analogs have been synthesized. One of these analogs, pepleo-

mycin (pep), appears to possess a higher antitumor activity and

a lower pulmonary toxicity (36).

Although in a more recent paper the pulmonary toxicity of pep

was reported to be equal to that of blm A„; blmB was reported

to be the relatively least toxic blm (54).

Blm is also used in combination therapy with other chemothera-

peutic agents as well as with radiation therapy. In two books

(8,9) besides the reviews already mentioned, the clinical results

are summarized.

Blm has also been used in in vitro experiments as carrier for the

short living positron, beta and gamma emitter Cu (1) to in-

crease intracellular radiation effects. The lethal action of
64

Cu-blm (18 yci and 100 yg/ml) on Ehrlich ascites tumor cells

was roughly comparable to that of 600 yg/ml blm only.

The mechanism of action of blm was reviewed by Muller and Zahn
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Table A.3 Amine and sugar components (besides the terminal
amine), isolated after total hydrolysis of bleomycin

component structure stereo
chemistry

2,3-diaminopropanoic
acid

H
i

NH2 - CH2 - C - COOH

NH-

3,3-amino-((4-amino-6-
carboxy-5-methyl-
pyrimidin)-2-yl)-
propanoic acid

HOOC- CH2 - C - ('
I
NH2

COOH

-CH-

N
NH2

3-hydroxy-histidine
H H

31 2l- C - X - COOH
I I
OH NH2

H

2S, 3R

4-amino-3-hydroxy-2-
methyl-pentanoic acid

H H H
J4 ' 3' 2

C H , - C - C - C - COOH
I I I

NH2 OH CH3

2S, 3R, 4R

threonine
CH3

H H
I 2 I

— C — C — COOH
I I

OH NH2

2S, 3R

gulose 2S, 3S, 4R,
5S

3-0-carbamoylmannose OH
OH

O 4

OH |
CONH,

2S, 3S7 4R
5R
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(44) and recently by Burger et al (6). The cytotoxic activity

of blm results from DNA cleavage: during incubation of DNA with

blm, bases or base-like species are released.

The part of blm binding to DNA includes the bithiazole ring (as

is demonstrated by the quenching of the bithiazole fluorescence

on addition of DNA) and the terminal amine, which is thought to

be involved through electrostatic interaction with DNA (63).

The DNA cleaving activity of blm was proposed to be the result

of:

(a) simultaneously binding from blm to DNA and Fe(II),

(b) oxidation of the bonded Fe(II) by 0^, and

(c) the resultant generation of a reactive species in the

close proximity to a susceptible bond in DNA.

Evidence for this DNA-cleaving-activity proposal is given by

the requirement of iron, oxygen and reducing agents to effect

DNA cleavage; the metal-chelator EDTA inhibits the activity of

blm (24).

4. METAL COMPLEXES OF BLEOMYCIN

Bleomycin has a high affinity for certain divalent metal ions.

The cupric complex is the natural form of the isolated blms (71).

The ferrous complex was indicated as the possible active species

causing DNA strand scissions (see Chapter A.3).
2+ 2+

Fe and Co bound to blm are immediately oxidized in the

presence of oxygen to Fe(III)-blm (5) respectively Co(III)-blm

(62). Recently ruthenium-103-blm was prepared, which has been

reported to be stable in vitro as well as in vivo; the cyto-

toxicity of Ru-blm retained 100% of the activity demonstrated

by native blm (61). The cytotoxicity and antitumor activity of blm

and Cu-, Zn-, Fe-, and Co-blm using Ehrlich cells in culture

and the Ehrlich ascites tumo-r is of the following order:



16 CHAPTER A

Cu-blm >. blm Ï Zn-blm :> Fe(III)-blm £ Co-blm = control (55)

This difference in cytotoxicity must be due to the different sta-

bilities of the metal complexes in vivo, for the antitumor acti-

vity of blm is caused by the Fe-blm complex (see Chapter A.3);

Cu and Zn are thought to be transported to cellular proteins,

yielding metal-free blm (50), after which iron may effect its

function. However the cobalt-blm complex is inert to exchange

in vitro as well as in vivo (29).

During the last years, the structures of the metallo-blms have

been studied intensively (11,12) using proton and carbon-13 nu-

clear magnetic resonance and electron spin resonance.%In Chapter

B and Appendix I (which deals with- the elucidation of the struc-

ture of the Co-blm respectively Fe-blm complexes) the metal-blm

complexes are discussed further.

5. TUMOR LOCALIZING PROPERTIES OF SOME LABELED BLEOMYCINS

The ability of blm to chelate metals makes it an attractive com-

pound as a starting material in the development of a tumor

localizing agent. When a suitable radioisotope of a divalent metal

forms a complex, this complex might possess tumor localizing

properties (20,48,52,59). In Table A.5 (in analogy to ref.39)

the properties of some labeled blm-metal complexes are summarized.

Co-blm appears to be the best tumor seeking radiopharmaceutical

(58) of the metal-blm complexes. However, the nuclear properties

of the cobalt radioisotopes are nor ideal: Co is a positron

emitter and therefore unsuitable for detection with the common

gamma-camera, and Co causes problems of environmental contami-

nation due to the half-life of 267 days. Although due to the fast

clearance of Co-blm (2) radiation doses for Co-blm are low
111

compared to In-blm, if quantities of clinical practice are

injected (27) (total body 0.1 respectively 1.3 rad).



Table A.4 (a) Native bleomycin metal complexes investigated clinically
(b) 123-I-bleomycin investigated in animals

Radioactive metal ions Native bleomycin complexes

Isotope T 1 / o y-Energy stable in vitro stable in vivo clinical ref.
(keV) (neutral pH) results

55
'Co 18.0 hr 511 (160%) yes

930 (80%)
Co 267 days 122 (87%) yes

136 (11%)
2.4 days 184 (40%) yes

92 (23%)
In 2.8 days 173 (89%)

247 (94%)

57

6 7~Cu

111

99m
Tc 6.0 hr 140 (90%)

yes

b)

yes

yes

no

no

no

good 32,47

very good 10,27,29,35,53,56,57,
58,59,76

poor 56,58

varied 40,49,56,58,59,74

varied 43,56,58,77

Radioactive iodine

Isotope T
1/2 Y-energy

(keV)

I-bleomycin

stable in vitro stable in vivo results in ref.
animals

123.
13.0 hr 159 (83%) yes c) varied 14,16,30,41

a)
, .percentage in„parentheses refer to percentage of total decay events

cjstability depends on the method of preparation (23)
some de-iodination occurs as appears from enhanced radioiodine uptake by the thyroid

!

S
I
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123
V Another approach of labeling blm is to label with I. This

radionuclide (see Table A.4) possesses excellent nuclear pro-

\ perties. Iodine can be introduced in blm by electrophilic sub-

stitution. The different iodination methods are described

i in Chapter D. However I-blm is not a convincing tumor loca-

"V • lizing agent (16), although some positive results with this

compound have been reported (14,30,31).

6. AIM OP THIS WORK

In view of the demand of physicians for a tumor localizing

agent, and based on the status of the experimental work with

bleomycin in 1977, the following two themes of investigation

were chosen:

- studies on the affinity of Co-blm (compared to blm) for

tumor tissue and the mechanism thereof,

- the development of an iodinated Co-blm.

These themes are considered more extensively below.

(a) The structure of Co-bleomycin complexes

Kono et al (28,29) studied the accumulation of Co-blm in

tumor tissues. The absolute accumulation in tumor tissues

was much higher for cobalt-blm than for blm and other blm

chelates. We intended to study this interesting phenomenon
57 14

by kinetic experiments using Co-( C)-blm. However during

the first preliminary studies on Co-blm, different Co-blm

complexes were found. ..These complexes were studied in more

detail and are described in Chapter B.

(b) The biological behavior of the different Co-blm complexes

Although in a lot of papers (see Chapter A.5 and Table A.4)

the tumor localizing properties of Co-blm were described,

the discovery.of different Co-blm complexes justified a new

study, because these complexes might present a new tool in



INTRODUCTION 19

\ understanding the accumulation process of Co-blm. These

studies are described in Chapter C.

(c) The iodination of aobalt-bleomyein

From the former it will be clear, that Co-blm possesses

i. excellent tumor localizing properties. Combining these
• i 123

V properties with the excellent nuclear properties of I

(see Table A.4) a suitable tumor seeking agent might be

: prepared. By general labeling methods the radioiodine is

introduced into the aromatic ring in the centre of the

blm molecule; this influences the coordination properties

of the blm molecule and consequently the biochemical pro-

perties of the complex (3). So it was self-evident to iodi-

nate the side chain of blm, i.e. the terminal amine, which

was thought to be possible without disordering the coordi-

} nation centre. However the terminal amines also influence

the tumor localizing properties (15). A method, by which

the terminal amine of blm A can be cleaved and a new blm

: can be synthesized is described by Takita et al (64), and

thus a radioiodine can be introduced. Efforts to label the

side chain of blms are described in Chapter D.

(d) The structure of -i-ron-bleomycin complexes

The knowledge and expertise obtained in the structural stu-

dies on Co-blm were also used in studying the structure of

the iron-blm complex. This complex is thought to be res-

ponsible for the chemotherapeutic action of blm, which jus-

tifies the vast interest in this complex. The results of

;. these studies will be described in Appendix I, because this

subject is not covered by the title "tumor localization".
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Note added in proof

As a service of the international cancer research data bank
appeared an oncology overview (NCl/lCKDB/OT -81/07 PB81-922807,
Juli 1981) entitled:

"Selected abstracts on tumor localization with gallium,
radiolabeled bleomycin, thallium, selenium, carbon and
nitrogen radionuclides"

These abstract, selected from the CANCERLINE data base, were
published during 1975 through 1980.
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CHAPTER B.

ON THE STRUCTURE OF COBALT BLEOMYCIN

1. DIFFERENT FORMS OF THE COBALT-BLEOMYCIN A COMPLEX

(published with G. Westera and B. van Zanten in J. Inorg.
Biochem. 12, 45-55 (1980); submitted June 1979)

1.1. Abstract

Chromatographic analysis of Co-bleomycin (Co-blm) on Seph.C25

or silica shows that known components like blm A , B and A can

be separated into two forms. We observed an equilibrium between

both forms and saw that the addition of certain salts influences

the transition of one form into the other. A reaction scheme is

suggested in which a different occupation of the sixth binding
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site of cobalt is correlated with the different forms observed.

These different complexes may be an intramolecular adduct of the

carbamoyl moiety of blm, an external carboxylate adduct or an

oxygen or hydroxyl adduct.

1.2. Introduction

The antitumor antibiotic blm (see backcover) is commonly used as

chemotherapeutic agent in the treatment of squamous cell carcinomas

(3). Labelled metal-blm complexes are in use for diagnostic tumor

localization (30,34). The most stable metal-blm complex is the Co-

blm complex (25), which exhibits excellent tumor localizing pro-

perties in man (14,32) and animals (11).

In the recent literature (4,6,7,35,44) several papers have dealt

with the complexation of blm with different metals and the impli-

cation thereof for the mechanism of the biological activity of

blm. In some papers propositions have been made with respect to

the stereochemistry of the CuvII) and Zn(II) complex of blm (7,44)

(fig. B.I) .

Kakinuma and Orii observed that TLC analysis shows that Co-blm

contains 6 components, viz., Co-blmA -I and Co-blmA2-II, Co-blmB2-

I and Co-blmB -II, and Co-blmA -I and Co-blmA -II (16). We observed

the same phenomenon using ion exchange liquid chromatography and

high-performance liquid chromatography.

1.3. Material and methods

Chemicals

Bleomycin (Lot 75 F 05 and 77 A 04) and bleomycin A 2 (Lot U 3503
A- S ) were supplied by Lundbeck.
57-CoCl2 was supplied by Philips Duphar in a 0.5 N HCl solution,
specific activity higher than 4000 mCi/mg cobalt.

Preparation of the metal-bleomycin complex

To a blm solution with or without buffer (containing at least 1 mg
blm /ml) an equimolar amount of metal ions, dissolved in water
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NH2CO

NH2CO

H

CO-Peptide
H

Fig. B.I The structure of the Cu(II)-complex óf blm
(taken from Takita et al (44))

or 0.5 N HC1 was added. With diluted NaOH the pH was adjusted
to 5-7. Under these conditions complexation is virtually complete
and the solution is intensively colored (yellow-brown for Co-blm
and blue for Cu-blm). The appearance of these colors can be used
as an indication for their formation.

Chromatografic Techniques

Ion exchange LC. This was carried out according to Umezawa (46)
on Seph.C25, preswollen in 0.05 N NH OOCH (column 90 x 1.5 cm).
After elution with 0.05/1/ NH OOCH a linear gradient up to 1 N
NH OOCH was applied using 1 liter of eluent, 140 fractions of
6.8 ml were collected, UV absorption was measured at 254 nm and
the radioactivity (RA) of each fraction was determined with a
LKB 1280 Ultrogamma counter, using the 57-Co setting.

HPLC This was carried out according to Williams (49) on a
Partisil 10 (silica) column (25 x 0.46 cm) from Chrompack; eluent
0.3% NH OOCH/CH OH (50/50 v/v); flow rate 2 ml/min; pressure 2500
psi; temperature 20 . UV absorption was measured at 254 nm and RA
was continuously monitored with a NaJ crystal. After injection
of blm the column becomes severely loaded, which results in a
lengthening of retention times. This lengthening was most drama-
tically at the beginning of a series of shots on a "clean" column.
Therefore, before each run the column was preloaded by injecting
at least 0.1 mg of blm. After preloading 93% recovery was found.
At the end of the day the column was regenerated with at least 30
ml of CH3OH/H2O (50/50 v/v), followed by 30 ml of pure CH OH.
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TLC. This was carried out according Uraezawa (46) using Merck
60 F TLC Silicaplates on aluminum and 10% NH^OOCCH^/CH^OH
50/50 v/v) as the eluent.

1.4. Results

In Fig. B.2 a (radio)chromatogram of a mixture of blm and,carrier-

free (cf) Co-blm on Seph.C25 is shown. When an equimolar amount

of cobalt chloride is added the UV and RA signals appear at the

same position, indicating that no free blm is present. Under these

conditions the ratio of the UV and the RA signal for all the com-

ponents is the same within 1%. As the molar extinction at 254 nm

for the different components shown in Fig. B.2 is probably the

same, we may assume ,that these Co-blm components do not.show-dif-

ferences in specific activity and thus are all stable complexes.

0 5

15

10

RA
(cpmxiO*)

0 5 •

0 0 5
500
•elution volume (ml).-

1000

Fig. B.2 (Radio)chromatogram of a mixture of blm and carrier-free
57-Co-blm on Seph.C25 applying a linear gradient from
0.05 M to 1 M NH OOCH as eluent (see Material and methods)

UV signal (represents free blm); x-x-x RA signal
(represents 57-Co-blm); gradient
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Fig. B.3 HPLC-chromatogram of blm (a) and a HPLC-radiochroma-
togram of carrier-free 57-Co-blm (b) ; a (100 ug) and
b (21 jiCi) were injected simultaniously. Column: Parti-
sil 10; eluent 0.3% NH4OOCH/CH3OH (50/50 v/v); flow
rate 2 ml/min; pressure 2500 psi.

Fig. B.3 presents an example of a HPLC-(radio)chromatogram of a
57

mixture of blm and cf Co-blm. In Table B.I the retention times

of the components are summarized.

Identification of the Co-blm components in the different chroma-

tographic systems was carried out in the following way. Pure

blm A., A and B were isolated on Seph.C25 and after complexation

with cobalt each one was rechromatographed on Seph.c25 and then

analyzed by HPLC. We observed that during elution of the Co-blm

from Seph.C25 Co-blmA., Co-blmAp as well as Co-blmB appeared

in two fractions. The first peak was called "form I", the second

"form II".
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Table B.I HPLC latention times of identified blm and Co-blm
components at a flow rate of 2 ml/min after preloading
the column with blm. The retention times of Cu-blm
were identical to those of free blm (set text).

retention time (min)
retention time (mir.)

compound this paper lit (46) compound this paper)

blmA.

blmB;

2.5

4.3

11.5 11.5

Co-blmA.-I
Co-blmA,-II

Co-blmB2-I
Co-blmB2-U

Co-blmA -I
Co-blmA -II

2.6
3.4

4.3
5.4

11
15

This phenomenon was confirmed by TLC: double spots appeared at

the position of A and B . The R„ values are presented in Table
z z j

B.2.

Table B.2 R_ values of blm and identified Go-blm components

(TLC on Silicagel, developed with 10% NH OOCCH /
CH3OH (50/50 v/v)

value

compound this paper lit (48) compound

R „ value

this paper

blmA,

blmB,

blmA.

0.38

0.69

0.79

0.04

0.68

0.74

Co-blmA„-l
Co-blmA -II

Co-blmB -I
Co-blmB2-II

Co-blmA.

0.
0.

0.
0.

0.

38
33

70
66

10
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The position of Co-blmA. is not yet fully clear, a TLC spot at &„

= 0.10 showing about the same intensity of free blm as the spot

of A... BlmA. is reported to be a bad complexing agent (16). Maybe

blmA. or Co-blmA is decomposed, because the terminal amine may

cause an auto-oxidation reaction as it is a dialkylsulfoxxde (20).

Cu-blm does not show the above mentioned splitting of the blm

components; its chromatographic behavior in LC, HPLC and TLC is

identical to that of free blm.

The transition of Co-blmA -I to Co-blmA_-II and vice versa

If pure Co-blm-I or -II components, isolated by chromatography

on a Seph.C25 column, were analyzed by HPLC, we observed that

always both forms were present in the chromatogram. It seems

therefore that there exists a reversible transition between the

two forms- These transitions were also influenced by the concen-

tration and type salt added.

We decided to study this phenomenon in more detail with the pure

Co-blmA . The transition from Co-blmA -I to -II and v.v. was

studied under influence of various additions.

NH OOCH (used in chromatographic systems for analysis of

blm (46)), .

NaOOCCH (used by Van de Poll (30) as the buffer for the

preparation of Co-blm)

Na_SO. (to study the effects of ionic strength)

To obtain more information on the nature of the transition we ,;;

studied also its temperature dependence. The transitions were }
i

only analyzed by HPLC. The results are expressed as the fraction

form I present. j

The relative quantities of both forms present were determined by I

the cut and weighing method. An error of about 10% is induced

because of the necessary interpolation and extrapolation of the

not completely separated peaks.
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; Table B.3 summarizes the experiments done with 0-2 il? and 1 N

• NH.OOCH , 0.2 N Na SO and without salt added. Storage in NaOOCCH

is hardly dependent on storage time and temperature; in 0.2 N about

50% form I and in 1 il/ about 60% of form I is formed. Storage in

, 1 N Na_SO gives the same results as in 0.2 N Na SO . At 4 the

i.i transitions occur very slowly and no equilibrium was reached within

3 weeks. Storage for a long time (more than a week) at 37 or 50

seems to induce an irreversible transition to a compound with the

same retention time on HPLC as form II.

We were not succesful in determining the oxidation state of Co in the

Co-blmA- complex. Addition of an oxidizing or reducing agent causes

no change in colour. The HPLC-chromatogram of Co-blmA„, obtained

immediately after addition of an oxidizing or reducing agent remains

the same.

1.5. Discussion

The structure of the Cu(II)-complex of blm has recently elu-

cidated. Takita et al (44) propose a 6-membered chelate as indi-

cated in Fig. B.I.

The Co(II) complex of blm was investigated by Sugiura by ESR (36).

This author proposes a penta coordinated square pyrimidal geometry

with or without oxygen. A reaction between dissolved oxygen and

the cobalt complex of blm has already been mentioned (26) and also

an interaction between oxygen and the iron complex (27,35,37,44).

In the last case a superoxide anion or hydroxyl radical can be

formed by electron transfer from Fe(II)-blm to oxygen or a hydroxyl

group. The thus formed radical is thought to be involved in the

blm action on DNA.

Although usually the injected Co-complex of blm is in the Co (II)-

oxidation state, Kono and Zalutsky (18,50) showed by UV and Möss-

bauer spectroscopy that in tumor tissue the cobalt present is

trivalent. In accordance with the views presented above, Sugiura



Table B.3 The influence of storage time, temperature, type and concentration of the added
salt on the formation of form I of Co-blmA-

Fraction of form I (in%)

after storage for

4 hr 1 day 2 days 4 days 17 days 1 day 3 days 7 days
salt pH 0 hr at 37° at 37 at 37° at 37° at 4° additions at 37° at 37° at 50°

0.2 N NH4OOCH 6.7 51 64 73 69 71 68 diluted to 0.02N 49

1 N NH4OOCH 6.7 59 73 79 80 72 68

0.2 N Na2SO4 5 ' 59a 4ia 28a 21 13a 19 +1N NH4OOCH 60

no salt added 5 62 45 32 23 20 22 < 10

The abundance of form I is expressed as form l/(form I + II) x 100%. The samples were prepared
as follows: in a serum vial was brought together 0.010 ml of CoCl-.öH O (8.50 mg/ml), 0.100 ml
of blmA,, (5 mg/ml) and salt solution or water (total volume 0.330 ml) . After the last addition
the pH was measured, the vial was closed with a septum and incubated in a thermostated waterbath.
At the indicated time 0.025 ml of each sample was chromatographed on HPLC as described. The
observations were done on two series of samples.

These observations are pictured in Fig. B.4.
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(36) describes the oxygen adduct of the Co-chelated blmA as an

equilibrium between

Co(II)-blmA2-02 £ Co(III)-blmA2-02~\

UJ

0,08

0,04

0.08

0,04
UJ

0.12

0,08

0,04

C).

e).

JUAJ

d).

10 30 O 10
— Retention time (min) —*•

30

Fig . B.4 HPLC-chromatograms of Co-blmA2 i n 0.2 M Na SO
for d a t a Table B.3 and P i g . B.3) . (a) inuneSiat

(see
ely after

preparation; (b) after storage for 4 hrs at 37°C; (c)
after storage for 1 day at 37°C; (d) after storage for
4 days at 37 C; (e) after storage for 7 days at 50°C;
(f) storage (d) followed by storage in 1 M NH.OOCH for
3 days at 37 C. 4
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We will try now to explain our experimental results in the

light of these views. From the data presented in Table B.3 it

is obvious that in comparison with the samples without added

salt an addition of 0.2 N Na SO to the Co-chelate hardly induces

a change in the abundance of form I. We observed the same inertness

when 1 N solution was added. Therefore, we conclude that no

effect of the ionic strength on the transition between the two

forms is exerted. At the other side the addition of a carboxylate

influences the ratio between form I and II and the effect of a

formate addition is more pronounced than of a acetate addition.

An increase of the molarity of the carboxylate anions from 0.2 N

to 1 N causes a relative increase of form I. Dilution to 0.02 N

causes in the case of formate an increase of form II at the ex-

pense of form I. We noticed furthermore that upon addition of

formate to a sample containing 0.2/1/ Na SO the fraction of form J

strongly increases.

On basis of the storage data at 37 (Table B.3) we conclude that

the conversion from form I to II and vice versa can be considered

as a reversible transition. It seems that within 24 hr an equi-

librium is reached between both forms if formate is present.

If, however, salt is not present in the incubation medium the

obtained data indicate that equilibrium is not reached and a

continuous transition into form II occurs. The same trend is

noticed if Na9S0 is present in the medium.
•£ ^x

Because of the fact that prolonged heating at 37 and higher

temperatures induces a decomposition and equilibrium is not

reached at 4 , we did not obtain sufficient data for a calcula-

tion of thermodynamic quantities.

Our observations may be explained by the existence of at least

three different blm complexes. We assume that the existence of

two forms of Co-blmA„ in a medium without salt added is connected

with the presence of a free and an oxidized form. Evidence for



38 CHAPTER B

\ the existence of such an oxygen adduct is given by Sugiura (36).

Oxygenated metal-blm complexes are probably more polar than the

monoxygenated ones. The more polar compounds are expected to

possess a stronger retention on silica or cation-ion exchange

I resin. This points to form II as the oxygen adduct. This means

that form I is Co-blmA„ without oxygen in the penta-coordinated

: (36) or hexa-coordinated (44) state. The carbarooyl linkage to

cobalt is very weak (44) and we assume that in the occupation of

the sixth binding site of Co a competition with external ligands

may occur. The structural similarity between carbamoyl and

carboxylate may be the cause of a competition. 1^ we add formate

or acetate to a mixture of form I and II a very clear shift into

the direction of more form I can be observed. This was especially

clear in the case when 1 N formate was added to Co-blmA in

0.2 iV Na„SO. and an increase from 22% to 60% of form I was obser-

ved within 24 hours (Table B.3). From these experiments we con-

clude that form I must contain carboxylate ligands. The less

pronounced influence of acetate on the shift of form I is

possibly due to a steric effect of the methyl group of the

acetate.

In conclusion, we postulate that in the occupation of the sixth

binding site of cobalt a competition may occur between (a) the

carbamoyl group of blm, (b) an external carboxyl group,and

(c) oxygen or a hydroxyl group. For Co-blm this competition

;.', results in an equilibrium depending on the concentrations of the
§r%•'
|. ligands present in the solution. The equilibrium and competition
K'

^ reactions are pictured in the following scheme {(Co(III)-blmA-

;' (5) .0 *)means blmA bound to cobalt (III) by 5 internal ligands

with O " as the sixth ligand).
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Co(m)-blmA2(5).O2" ' , * Co(E)-blm A2(5).O2

L'.o™.? 11( , ,

RCOO"
Co-blmA2(6). •* * Co-blm A2(5).OOCR'

form I

Co-blmA„ form I is in this scheme represented by the carboxyl

adduct and the intramolecular carbamoyl adduct, form II is re-

presented by the oxygen adduct.

Because we are primarily interested in a better tumor localizing

agent, we are continuing our studies to determine the biological

activity of the different forms of the Co-blm complex.

2. A C NMR AND ESR STUDY ON THE STRUCTURE OF THE DIFFERENT
FORMS OF THE COBALT-BLEOMYCIN A2 COMPLEX

(published with G. Westera and D. Schipper in J.Inorg.
Biochem. 13, 165-177 (1980); submitted January 1980)

2.1. Abstract

C NMR and ESR spectra have been recorded from oxygenated cobalt-

bleomycin A„. It appears that (a) in oxygenated Co-blm all the
3+ 13

cobalt is in the Co oxidation state, (b) the C NMR data

indicate a str icture of the Co-blm complex in which the nitro-

gens of the pyrimidine, the iraidazole, and the secondary and

primary amine of the diaminopropanoic amide are involved as

planar equatorial ligands, and (c) free bleomycin forms a

"dimer" with Co-blm.
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2.2. Introduction

The antitumor antibiotic blm (see backcover) (43) forms stable com-

plexes with several metal ions (24). The Fe-blm complex is thought

to be responsible for the chemotherc.peutic action of blm (44) . The

complex with Co is the most stable one and shows tumor localizing

properties (33) . In a previous paper we discussed the existence of

different forms of the Co-blmA^ complex (B.I), which we established

by means of high-performance liquid chromatography and ion-exchange

liquid chromatography. Three Co-blm complexes have been distinguished:

(a) Co-blm, in which six internal ligands were chelated to Co, (b)

Co-blm, with five internal ligands and a carboxylate anion as the

external ligand, and (c) Co-blm, with 0~ as the external ligand.

(a) and (b) together were called form I; (c) was called form II.

Using som? of the same techniques, Raban et al (31) also found two

forms of Co-blm. They postulated a Co-blm complex containing two

cobalt atoms. This contradicts the evidence of Nunn (25), which

points to a 1:1 complex.

DeRiemer et al (10) obtained a green and an orange Co-blm. The

orange species is the most stable complex and possesses better

tumor localizing properties. We have tried to reproduce these re-

sults and correlate then with our own.

The aim of this work is to further elucidate the structures of the

different Co-blm complexes with C NMR and ESR spectroscopy. The
13
C NMR data for free blm and Zn-blm have been reported (6,23) as

well as ESR data for Co-blm and its derivatives (36,39,40,41).

2.3. Material and methods

Chemicals

Bleomycin A„ (lot U3503 A S) was supplied by Lundbeck. CoCl .6H 0
was supplied by Baker. All the water used was filtered through
a Millipore Q apparatus.
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NMR spectra

C NMR spectra were recorded at 22.63 MHz on a Bruker WH 90
NMR spectrometer, using a home-built 5-mm probe. The spectral
parameters were the following: pulse width 13 ysec (80 pulse),
spectral width 5000 Hz, acquisition time 0.8 sec, no pulse
delay, 100,000^300,000 scans were accumulated. "The chemical
shifts in the C NMR spectra are expressed in ppm using an
internal calibration: The chemical shift for C-ll of free
blm is 11.9 ppm and the shift of C-54 and C-55 is 25.6 ppm (23).

ESR spectra

ESR spectra were recorded on a Varian E 3 spectrometer at 100 K
with 100-kHz magnetic fie,ld modulation using a modulation
amplitude of 6.3 G. The microwave power was set to 50 mW.

Sample preparation

(a) Without exclusion of oxygen (air). A 5-mm tube was filled
with 0.15-0.20 ml deuterated water in which two ampoules blm
had been dissolved (40 mg by weight, 30 mg according to UV
absorption using £2 9 0= 14,000 mol cm ) . The pH of this
solution was 5,, 7 (not corrected for the isotope effect).After
recording the C NMR spectrum of free blm, CoCl 2 was added
- successively in such portions that the amount of Co was equivalent
to, respectively, 13%, 26%, 40%, 47%, 67%, and 90% of the blm.
Each portion of CoCl was added as 10 yl of a freshly prepared
solution of CoCl in H~O, the pH of which was adjusted to 6.2
with 0.2 N NaOH. (The solution becomes more acidic upon com-
plexation of blm (38)).After addition of CoCl- the pH was
measured and if necessary adjusted with 0.2 N NaOH to 5.7 (+ or
- 0.2). The sample was then allowed to stand at room temperature
for 2-4 days in which period O„ was bubbled through several
times,thus bringing Co-blm in "form II". 0.5 yl was used to
check the composition of the sample by HPLC over a silica column
with 0.3% NH4OOCH/CH OH (50/50 v/v) as the eluent. When the
equilibrium was reached, the C NMR spectrum was recorded. To
study concentration effects, a sample was measured also containing
30 mg (by UV) in 1.4 ml in a 10-mm tube to which 45% CoCl» was
added.

(b) Under rigorous exclusion of oxygen (air). CoC^o *"n D 2 ° o r

H O (pH 6.2)(D_O:NMR and H O:ESR) and the required amount of
solid blm were put in different compartments of a high-vacuum
apparatus. The CoCl,, solution had been degassed three times,
after which the apparatus was sealed off. The reagents were then
put together and poured in the measuring tube (NMR or ESR) after
which this tube was sealed off. After recording the spectrum
the tube was opened and the pH determined, which was about 5.7.
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180 170 160 150

Fig. B.5 Low-field part of the C NMR spectra, (a) blm,
(b) blm with 40% Co, (c) blm with 67% Co, (d) blm
with 90% Co.

A ppm
0

- 1 •

-2

\
\

A

, , ,

X

\
A

•

X

C-12(o)

* C-3O0O

C . 4 ( A )

13 26 40 47 67 9O°/o Co-blm

Fig. B.6 Plot of changes in chemical shift of "free" blm
against the percentage cobalt added, for some
C atoms of which the resonances are given in Fig. B.5.
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^ 2.4. Results

In Table B.4 the C NMR data are given for free blm and after

addition of CoCl2 (13%, 26%, 40%, 47%, 67%, and 90%, resp.). The

low-field part of the spectra of free blm and 40%, 67% and 90% Co-

' blm are given in Fig. B.5. The assignments given are not always

* unequivocal and in cases of doubt, all possibilities are given.

Upon addition of CoCl several new signals appear (indicated with

, an asterisk), whose intensity increases with the amount of added

CoCl_, at the expense of the signal assigned to the same carbon

atoms in free blm. Part of the resonances assigned to the "free"

blm molecules (C -C and C -C ) show a change in chemical shift

upon addition of CoCl . For some of these the change is roughly

linearly related to the amount of added CoCl„ (C,, Cr, C , C, n,
2. 1 b / 1U

C3Q) ; for the other signals ^2~^s> CQ, Cg, C n ~ C 1 4 and C^-C^)

: a linear change is observed until about 50% CoCl„ is added, and

upon addition of more CoCl„ the chemical shift remains constant.

The NMR spectra of a sevenfold diluted sample of 45% Co-blm gives

the same picture as the spectrum of the nondiluted sample. Some

examples of this change in chemical shift in free blm upon addition

of CoCl„ are depicted in Fig. B.6. In Table B.5 the changes in

~ chemical shifts are given for Co-blm and for blm upon addition of

50% Co; the values for Zn-blm are shown for comparison.

Co-blm prepared under vacuum differed considerably from "not

oxygen free" preparations. (The color of the solutions is striking-

ly different also: the oxygen free sample has a light yellow color,

whereas the color is dark brown when oxygen is not excluded). The
'•. 1 3

C NMR spectrum of Co(II)-b]m is given in Fig. B.7. Most of the

low-field (110-190 ppm) signals were broadened, which points to

the presence of paramagnetic species. No broadening was observed

for the terminal amine and the sugar moieties, except for C (in
26

The C-atoms are numbered and the N-atoms have been characterized
by characters. The annotations are shown in the Fig. at the back-
cover .
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Table B.4 (Continued)
OS

.. b)
blm

73.
74.

98.
98.
113.

134.

137.

149.
152.

6
4

3
,8
,0

.7

.4

.4

.9

158.5
163
165
165

168
169

.7

.2

.9

.3

.4

0%

73.6
74.

98.
98.
113.

133.

137.

149.
153,

159
164
165
166

168
169

4

8
8
,1

.8

.3

.8

.4

.0

.1

.6

.3

.7

.7

13%

73.
74.
75.
95.
96.
98.
98.
113.

1
5
7
7
9
8
8
0

132.6
134.
136.
143.
149.
153.
158.
159.
164.
165.
166,

168,
169

2
9
5
,7
,5
,5
,1
.1
.5
.1

.6

.4

26%

72.
74.
75.
95.
96.
98.
99.
113.

131.
134.
136.

149.
153.
158.
159.
164.
165.
165,

168,
169,

7
5
9
6
8
6
0
0

3
5
4

,7
.4
,4
.1
.1
.4
.4

.5

.1

Co-blm

40%

72.
74.
75.
95.
96.
98.
99.
113.
120.
130.
134.
136.
143.
149.
152.
158.
159,
164
165
163
168
168
168
169

5
5
8
6
6
5
1
6
,9
,6
,2
,0
.2
.7
.8
.3
.1
.1
.3
.0
.2
.0
.8
.5

c)

47%

72.
74.
75.
95.
96.
98.
99.
114.
120.
130.
134.
136.
143.
149.
152,
158.
159
164
165

168
168
168
169

5
4
8
6
6
6
1
.4
,8
.5
,2
.1
.3
.6
.5 '
.1
.1
.0
.0

.6

.0

.6

.9

67%

72.
74.
75.
95.
96.
98.
99.
114.

2
3
8
5
6
6
1
4

120.8
130.
134.
135.
143.
149.
151.
158.
159.
164.
165.
160.
168.
168.
168.
169,

4
1
9
2
6
.6
,2
.1
,0
.0
.1?
,1
.0
.8
.4

90%

74.
75.
95.
96.
98.

120.
130.
134.
136.
143.
149.

158.
159.
163,

168,

168
169

5
9
5
6
5

9
.3
1
0
.2
,7

.2

.1

.5

.1

.8

.4

intd)

d
d
i
i
i
d
d
d
i
d
i
d
i
i
d
i
d
i
d
d
i
d
d
i

15*
15*
15
15

48

46

7*.

7*,

e)
ass

24
19
19*?
or 20*
or 20*

or 20
or 20
9
9*?
27
27*
29
29*

and 10*
10
26*
26

and 8*
8
7

, 12* or 30*
12
30

. 12* or 30*

1

CH



Table B.4 (Continued)

Co-blm C )

blm b ) 0% 13* 26% 40% 47% 67% 90% i n t d ) a s s S )

170.2 170.2 170.0 170.3 i 7*, 12* Or 30*
171.6 172.0 172.0 171.7 170.8 170.6 169.6? d 1

174.8 174.8 174.8 175.0 i 1* or 4*
175.1 175.0 175.0 175.0 i 1* or 4*

176.7 177.2 177.1 176.8 175.8 175.6 175.5 175.6 d 4
178.0 177.7 177.9 178.0 i 36*

178.1 173.5 178.5 178.5 178.4 178.0 178.4 178.5 d 36

f^'The chemical shifts which do not change upon addition of cobalt are omitted.
Chemical shifts in blm, taken from Naganawa (23). CQ

°: Chemical shifts in blm upon addition of the indicated amount of CoCl 2 . ^
Intensity expressed as increases (i) and decreases (d). ^
Assignment given for free blmA» and for Co-blmA9; The Co-blmA assignments are indicated g
with an asterisk; the numbers correspond with tHe figure at the backcover. tq

Hi.
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the carbamoyl group). The signals assigned to the imidazole ring,

the valeric acid and bithiazole residues (C.., C__-C2g, C_ -C.»)

were somewhat broadened and shifted. The peaks assigned to the

diamino propanoic amide .(DAP-amide) and pyrimidine residues (C -

C. and C,n) could not be assigned, because they were unrecogni-

zably broadened.
-2

In Fig. B.O the ESR spectra of a 1.5 x 10 M sample under oxygen

free conditions are given (Fig. B. 8a) and the same sample immedia-

tely after exposure to air (Fig. B.8b); upon longer standing this

spectrum remains the same. Furthermore, spectra have been recorded

of Co-blm in 1 M ammoniumformate (not oxygen free) and 45% Co-blm.

The ESR parameters for the respective samples follow:

Oxygen free Co-blm: g. = 2.253, g.. = 2.023, and /Ijj = 76.7 G.

Co-blm after exposure to air: not clear

Co-blm in 1 M NH OOCH (not oxygen free): g. = 2.013. This spectrum

resembles the spectrum of oxygenated Co-blm given by Sugiura (36).

45% Co-blm: resembles our oxygenated Co-blm ESR spectrum .

The HPLC analysis of the oxygenated samples indicated that less than

15% of the Co-blm was present as form I.

The chromatographic behavior of the orange Co-blm (10) and oxyge-

nated Co-blm without external ligands (form II), on three diffe-

rent systems is given in Table B.6. From Table B.6 we must con-

clude that the orange Co-blm (obtained by heating) is not the

same complex as our oxygenated Co-blm.

2.5. Discussion

Assignments

The assignments given in Table B.4 for the C-atoms in Co-blm

were made on the basis of the same criteria as Dabrowiak (6)

used for his diamagnetic Zn-complex:
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13.
Table B.

C atom

1
2
3
4
5
6
7
8
9
10

12
13
14

18

24
25

27
28
29
30

5 Changes in
blmA„ upon

Table B.5.a

50% Co-blmb)

-1
-0
-0
-1
-2
-1

>, -3
-0
+1
-0

-0
-0
+0

-0

1

-0

-3
+0
-1
-1

.4

.6

.4

.6

.6

.2

.3

.6

.3

.9

.7

.5

.5

.7

.1

.5

.3

.7

.3

.1

chemical
addition

C atom

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
18
19
20
23
24

26
27
28
29
30
31
32
34
35
36

shift of

of

+ 1.

-0.

-1.

COC1 2

Table 1

C NMR

3.5.b

Co-blmC)

+2.8

+3.0

-2.2

.9,+3.2

+6.8

.5,+0.8

-2.2

-2.2

-U.'J

,7,-0.2

+0.8

-1.2

or+3.0

or+3.8
+2.6

or-2.4

-6.8

-1.9
or+3.9
-1.6

or+7.7

-3.7

-1.8
or+1.5
-0.7
-1.9

or-3.2

-2.6

+ 1.4

or-3.2

or-1.7

-4.1

-0.9

-0.4
U.6
H5.9

or+0.5

-0.4
or+1.2
-0.5

or-1.6
-0.5

signa'

•

I? of

Zn-blm '

-3.
+7.

-2.

-I.

.9

.2

. 1

.3

+2.1
p

-2.5
0

-6.7

-0.3

or-3.3
or+6.4

+1.6
-4.1
-0.1

0

7
or-2.8

+0.1

or-0.6
7
7

-0.6
+0.4

+0.2

+0.6
+0.1

-0.6
-0.8
-0.3
+0.3
-0.6

a)

b)
c)

d)

If no value is given the change in chemical shift is smaller

than 0.4 ppm

Changes in chemical shift in free blm upon addition of 50% cobalt

Changes in chemical shift, as compared to free blm, upon com-

plexation in Co-blm

Changes in chemical shift, as compared to free blm, upon com-

plexation in Zn-blm (taken from Dabrowiak (6)).
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v 1. "C NMR signals that are unaffected by Co-complexation are

considered to be the same as in free blm.

' ,i 2. Variations in chemical shift due to complexation are assumed

to be less than 5 ppm.

I 3. Both upfield and downfield changes are considered .possible.
]

A general conclusion may be drawn from the line widths in the

*:. C NMR spectra of oxygen containing Co-blm preparations: this

( indicates that it is not possible that 20% of the cobalt bound

to blm is in the Co(II)-oxidation state, which we postulated

(Chapter B.I) to explain the two possible forms of Co-blm. This

conclusion is confirmed by the ESR measurements (vide infra):

the signal due to Co(II)blm disappeared completely upon bubbling

with air.

Co(TIT)-blm

1; On the basis of the changes in chemical shift, as summarized in

Table B.5, conclusions can be drawn about the sites of complexation

of blm in the Co-blm complex:

The changes in the chemical shift of the pyrimidine C atoms (C -C )

are relatively large, indicating that this ring is involved in the

complexation. Upon stereochemical considerations, N- must be the
e

N atom actually bonded to Co. This gives a five-membered ring with
Co and N (vide infra).

c

The changes in chemical shift of the imidazole C atoms (C and C )

are large. Most likely on the basis of conformational possibilities

,::- as studied in a molecular model N, is bonded to Co.

;"•• Large changes are observed in C -C , who are all neighbors of the

.;•• 4 nitrogen atoms N -N . Of these, the amine-nitrogen atoms (N and
* ad b

NJ may form a five-membered ring upon coordination with Co. To-

gether with N of the pyrimidine ring and with N of the imidazole

ring they can conveniently form the planar equatorial ligands of

Co, whereas N then may be the axial ligand. This explains the

large change observed for Cr, because this C atom would thus be
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sugar raglon

150 10O 50

chamlcal shift (ppm)

Fig. B.7 13
C NMR spectrum of oxygen-free Co(II)-blm

forced in rigid conformation.

Only a small change in chemical shift is seen in C and C

(around N ) and in C (the carbamoyl function, connected to

mannose) indicating that N and N. are not involved in complexa-

tion.

The rather large changes in chemical shift in the sugar moiety

(C _-C__) are most probably due to a change in conformation.

The carbon atoms beyond C . only show small changes in chemical

shift, or no changes at all, which indicates that these parts

of the molecule are not involved in the complexation process.

On the basis of the evidence and reasoning given above the struc-

ture of the Co-blm complex can be depicted as in Fig. B.9.

N, , N , N and N are the equatorial ligands whereas N and

oxygen can be considered to be the axial ligands.

This is different from the structures presented by Takita (43)

for Cu-blm and by Dabrowiak (7) for Cu-blm and Zn-blm and by

Sugiura (40) for Cu-blm, Co-blm and Ni-blm, who postulate N,
n

(between C. and C ) as a ligand as well as the carbamoyl func-
tion ^r and N.), which viewpoint was also adopted in our

Zo i
previous paper (Chapter B.I). Neither it is very likely that
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the bithiazole ring acts as a ligand as postulated by Fazakerly

(12) for Cu-blm.

Co-blm-blm-dimer

In Table B.4 and B.5, and especially in Fig. B.6, the change of
13

the chemical shift of the C NMR signals assigned to C.-C . and

C_-C , belonging to the "free" blm is indicated, depending on

the percentage CoCl added. In most of the cases the change be-

comes larger until 50% CoCl„ is added, after which no further

change is observed. This strongly indicates the formation of a

"dimer" between Co-blm and another molecule of blm (blm ). The

changes in chemical shift only occur in the DAP-amide, pyrimidine

and imidazole moieties. Thus it seems likely that the same N-atoms

that are acting as a ligand in Co-blm are responsible also for

the dimerfornu. ;ion.

Fig. B.8 ESR spectra of Co-blmA,. in water (a) under strictly
oxygen-free conditions, (b) after bubbling with air,
and (b') : (b) enlarged.
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H2N°

R=valenc acid etc ]
R'= sugar ]

~NH R'

Fig. B.9 Structure of Co (III)-blrnAo based on the data
presented in this paper.

The equilibrium

*
(Co-blm)blm + blm

(Co-blm)blm + blm

must be fast relatively to the NMR time scale, thus resulting

in the observed time-averaged signal for the "free" blm. Thus

a most unusual ligand, for which we propose the name "hover-

ligand", consisting of the Ns of a large part of the blm

molecule, may be inferred from our data. This ligand most

probably will be in the axial position, which in Co-blm is

occupied by the amide, Nn. These dimers also exist in a seven-
d

fold diluted solution.

Co(II) -blm

13
The C NMR spectrum of Co-blm prepared under exclusion of

oxygen shows extensive broadening of several signals, which

indicates the presence of paramagnetic species. Thus it can



I
Table B.6 The difference in behavior of orange Co-blm (defined in (10)) and Co-blm

form II (defined in Chapter B.I) in three different chromatographic systems

Chromatographic system

Column Eluens flow rate
behavior of

orange Co-blm
behavior of

Co-blm form II

CM Seph.C25

Silica (HPLC)

Reversed phase
C-18 (HPLC)

Gradient
up to 1 'M
NH OOCH

MeOH/
0.3% NH OOCH

50/50 (v/v)

MeOH/
1% NH.OOCCH
40/60 (v/v)

about
1 ml/min

2 ml/min

1 ml/min

peak at
fraction 51
out of 100

retention time
13 min

retention time
9.5 min

peak at
fraction 63
out of 100

retention time
15 min

retention time
10.5 min

i
I
Co
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2+
be concluded that Co is present in Co-blm as Co . The signals

broadened mostly in the regions of the molecule involved in

bonding. Therefore, it seems likely that the center of com-

plexation is localized in the regions C -C _ and around C _,

while C„-. is also involved. The imidazole ring (C -C0Q) analog

shows small changes in the C NMR spectrum, which indicates

that it may be not directly involved in complexation as it is

in Co(III)-blm. In Zn-blm the imidazole ring also does not seem

to be a.strong ligand (19). Furthermore the tertiary structure

of Co(II)-blm is probably quite different from Co(III)-blm; com-

pared to free blm no change in the sugar moieties occurs, whereas

the valeric acid, threonine, and bithiazole moieties show minor

differences (contrary to the situation with Co(III)-blm), pro-

bably due to small conformational differences. A change in

conformation of the valeric acid upon complexation with zinc

has been also reported (28).

ESR

The striking difference between spectra of the oxygen-free and

oxygen-containing samples indicates (which could also be con-

cluded from the NMR spectra) that the oxygen-free sample con-

tains Co(II)-blm, which immediately gives Co(III)-blm upon

addition of oxygen. The ESR data are difficult to interpret.

The spectrum of Co(II)-blm (oxygen free) resembles that of

Sugiura (36,40), but our Co(III)-blm spectrum differs from

his results. Our spectrum of oxygenated Co-blm in ammonium-

formate resembles the spectrum of Sugiura for oxygenated Co-blm.

In the spectrum of our Co (III)-blm can be calculated a coupling

constant i4=180G of a nucleus with 1=3/2, which cannot be due

to a nitrogen hyperfine splitting, where A should be about

15G. We can only conclude that a addition of oxygen the assymetry

of the cobalt center increases.
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We may now summarize our previous (Chapter B.I) and present con-

clusions in the following scheme:

CodL)-blm

• a blm* f Q

blm. Co(It).blm(4).O2 m CoCmj-blmCShOj Z *~ rn f imh im/^ in j

(form I ) (form I )

HCOO®

f • HCOO®

Under oxygen-free conditions in water a Co(II)-blm complex exists,

the structure of which is not clear. It probably resembles the

structure of Zn-blm, postulated by Dabrowiak (7). Upon addition

of 0 ? immediately two Co(III)-blm complexes are formed. One of

these complexes (form II in Chapter B.I) is most stable and

probably has the structure shown in Fig. B.9. In the other

Co(lII)-blm (form I) the axial N, ligand probably has been
a

exchanged with a solvent molecule or with the N. of the carba-

moyl function. This axial ligand can also be exchanged with other

ligands (like the HCOO anion) or with another (-free) blm-

molecule (in which case a "dimer" is formed).

3. THREE DIFFERENT COBALT COMPLEXES OF BLEOMYCIN A , B AND
PEPLEOMYCIN

(published with G. Westera in J.Inorg.Biochem. (in press);
submitted October 1980)

3.1. Abstract

Using a reversed phase high-performance liquid chromatography
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system, three different complexes of Co-blmA„ and B , and

Oo-pepleomycin are separated, i.e., form I and II and a

formate complex. The formate complex is formed from form II.

Phosphate, chloride, urea, and probably bicarbonate are not

external ligands for Co-blm. From C NMR analysis it is

concluded that the terminal amine of blmB_ is not involved

in complexation with cobalt. The only difference between

complexation of blmA and B with cobalt occurs in the for-

mation of the "dimer" between free blm and Co-blm; the bond

formed between blmB and'Co-blmB^ is much weaker than for

blmA and Co-blmA?.

3.2. Introduction

Bleomycin (blm) (see backcover) is an antitumor antbiotic

that forms stable complexes with several metal ions (47).

Cobalt forms different complexes with bleomycin as shown by

chromatographic analysis (Chapter B.I and B.2). Two forms

have been distinguished (Chapter B.I and B.2), of which form

II, indicated as Co(III)-blm(5).0- , was the most stable. Form

I(Co(III)-blm(5?).0» ) shows the same chromatographic behavior

as the ammonium formate complex of Co-blm(Co(III)-blm(4).O .HCOO )

An interesting question, concerning the fate of Co-blm in body

fluids is thus: do other species (especially those present in

• body fluids of mammals) also function as external ligands in

Co-blm complexes? In this paper we describe the analysis of the

cobalt complexes of blmA , B , and pepleomycin (pep), and study

of the influence of phosphate, chloride, bicarbonate, and urea

on the complexation using reversed phase HPLC.

Furthermore, we compared the structure of the Co-blmB- complex

with that of blmA_. Our efforts to synthesize an iodinated Co-blm

complex (Chapter D.) by lengthening the blmB terminal amine ag-

matine have failed; the free NHo-group of agmatine does not react
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like a free amino-group. Using C NMR we investigated whether

the terminal amine of blmB in the Co-blmB complex is involved

in complexation.

3.3. Material and methods

Chemicals

Bleomycin A (lot U 3503 A 2 S) and bleomycin B, (lot U 2600 B 2 S)
were supplied by Lundbeck. Pepleomycin (lot 203-2) was a generous
gift fcom Dr. H. Umezawa. The CoCl_.6H 0 was supplied by Baker.
All the water used was filtered througn a Millipore Q apparatus.

Chromatography

The HPLC was performed on a Chrompack Nucleosil 10 C-18 column
and on a Waters Radial Pak A column with as eluents 1% NH OOCCH /
CH OH (60/40 v/v) (22), flow 2 ml/min; UV absorption was measured
at 254 nm. The retention times measured from the Radial Pak A
column increased with the lifetime of the column. Seph.c25 chroma-
tography was performed as described before (Chapter B.I) using
57-Co labelled Co-blms.

To blm (A_, B„ and pep) solutions (end concentration 1 mg/0.1 ml)
was added an equivalent quantity of CoCl .6H_O. As possible,
external ligands were added in the following order:

(1) ammonium formate, to a concentration of 0.5 to 1 M.
(2) phosphate pH 7.0, to a concentration of 0.05 to 0.25 M
(3) chloride, 1__M
(4) urea, 1 M
(5) bicarbonate, as a 0.12 M solution buffered with 0.25 M

phosphate, end pH 7.4
Samples were incubated overnight at 37 C and analyzed immediately
after preparation and after 1 day incubation period, unless
otherwise stated.

C NMR

The C NMR was performed as described before (Chapter B.2) using
30 mg of blmB in 0.2 ml D O and on this same sample after addi-
tion of resp. 30%, 50% and the 90% of the equivalent quantity
of CoCl 2. The pH was adjusted with 0.2 M NaOH to about 5.

3.4. Results

To verify the positions of form I and II of the different Co-blm

and Co-pep complexes on the reversed phase HPLC system, fractions

collected from a Seph.C25 column were analyzed (see Table B.7).
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Table B.7 Retention times of cobalt complexes of blm on
different chromatographic systems (see Material
and methods)

v!

-

Complex

Bleomycin A_
Co-blmA2-I
Co-blmA -II
Co-blmA -OOCH~

bleomycin B„
Co-blmB -I
Co-blmB -II
Co-blmB -OOCH~

pepleomycin
Co-pep-I
Co-pep-II
Co-pep-OOCH

retention
on

Nucleosil
a)

10C-18 '

3.0
3.9
3.3
4.6

3,4
4.4
3.5
4.5

11.8
13.8
11.3
17.4

retention
on

Radial,
a)

Pak A '

3.0
4.2
4.2
5.6

3.7
4.8
4.0
5.5

retention
on

S e p hB)
C25 '

74
102

88
109

79
96

a.)
. . given in minutes at a flowrate of 2 ml/min

given as fractions out of 140; column length 40 cm, content 30 ml
eluted with 400 ml ammonium formate solution in a linear gra-
dient from 0.05 to 1M. Volume of each fraction: 3.4 ml.

From the analysis on the day after Seph.C25 chromatography, it

appeared that the formate Co-blm complex was formed only in

the form II fractions (ammonium formate was present as salt

used in the ion exchange chromatography, and hardly any form I

was converted to form II). Fig. B.10 also suggests the formation

of the formate Co~blm A_ complex from form II; starting with

form I in which form II is present, the amount of formate complex

formed after 3 days is much smaller than when starting with pure

form II.

In fig. B.ll, HPLC chromatograms of freshly prepared Co-blmB

and 5 days old Co-blmB_ in 1 M NH OOCH are given. Addition of

phosphate, chloride and urea to the Co-blm preparations does
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Q05

(a) (b) 5
- Retention time —

(min)

Fig. B.10 HPLC chromatograms of Co-blmA,, complexes. Column used:
Nucleosil 10C-18; eluents: 1% AmAc/MeOH (60/40 v/v);
flow 2 ml/min. (a) Co-blmA form I, (b) Co-blmA form
II, (c) Co-blmA form I (sample from batch used in (a))
3 days after addition of 0.5 M AmForm, (d) Co-blmA
form II (sample from the batch used in (b)) 3 days
after addition of 0.5 M AmForm.

not give rise to new peaks in the HPLC chromatograms; also the

ratio between form I and II is not influenced by these additives.

The peak representing form I disappears overnight under influence
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of 0.12 M bicarbonate at pH 7.4. Addition of ammonium formate

gives, as already mentioned, a new complex, but the formation

of this complex, even in 1 M AmForm, is a slow process; one half

hour after addition no formate complex is seen, and 24 hr later

it is obviously present.

In Table B.8 the C chemical, shifts for the terminal amine

of blmB_ are given. These shifts did not change upon complexa-

tion with cobalt. The same chemical shift values were found

for free blmB„ and Co-blmB_ as for blmA9 and Co-blmA , except

of course for the terminal amine. Another difference between

blmA- and blmB occurs in the variation of the chemical shifts

in the free blm upon addition of cobalt. Upon addition of

cobalt to a blmA^ solution those signals change which were

assigned to the C atoms of the diaminopropanoic amide (DAP),

pyrimidine, and imidazole of free blmA„. Upon addition of

"254 "254

0,4

0,2

H 1 1 1 1 1 1 1 1 V

(a) 10
-i—i—i—i—i—i—i—i—i—i-

(b) 5 10
Retention time (min)

Fig. B.ll HPLC chromatograms of Co-blmB complexes. Column
used: Radial Pak A; eluents: 1% AmAc/MeOH (60/40 v/v)
flow 2 ml/min. (a) Freshly prepared Co-blmB , (b)
Co-blmB-, 5 days in 1 M AmForm.
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cobalt to blmB,,, only the signals assigned to the imidazole ring

change (see Table B.9).

3.5. Discussion

In a previous paper (Chapter B.I) evidence was given for the exi-

stence of three Co-blm complexes, starting from blmA~. The rever-

sed phase HPLC column actually separates these complexes (see Table

B.7, Figs. B.10 and B.ll). Using this analytical system a dis-

tinction could be made between form I and the Co-blm-formate com-

plex. These complexes are also seen with blmB and pep. Using

Co-blm complexes, purified on Seph.c25, it appeared that the

Co-blm-formate complex is formed only from form II.

Form I seems to be converted into form II under the influence of

bicarbonate, although it cannot be excluded that an eventual

bicarbonate-Co-blm complex possesses the same retention on the

HPLC-system used as Co-blm form II. However, formation of a bi-

carbonate Co-blm complex from form I is contrary to the formation

of the formate-Co-blm complex, which is formed from form II.

The difference in performance of a Nucleosil 10C-18 HPLC column

and a Radial Pak A (C-18) HPLC column is remarkable. Using the

same eluents the separation of Co-blmB complexes was better on

he Radial Pak A column and the separation of Co-blmA_ complexes

was better on a C-18 column. The Co-pep complexes possess such

a retention on Radial Pak A, that under the circumstances choosen

they are not eluted from the column.

Based on the data presented in this paper and our previous evi-

dence (Chapter B.I and B.2), we suggest that

Form I represents Co-blm(5).0_

Form II represents Co-blm(4),0_

The formate complex represents Co-blm(4).0_ OOCH .

In all complexes O is present because the Co(II) initially

added is, upon complexation to blm, immediately oxidized to Co(III)
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Chapter B.2) and the Co(III)-O bond is a relatively stable

one (36). The fact that the formate complex is only formed from

form II suggests the availability of a free or only weakly

chelaced binding site of cobalt in form II, whose binding site

is stably occupied in form I. Based on previous C NMR data

(Chapter B.2), the primary and secondary amine of the DAP

amide, the pyrimidine ring and the imidazole ring have appeared

to be internal ligands. In previous work (19,21) the imidazole

ring has been thought not to be involved in complexation be-

cause protonation shifts in H NMR are different from shifts ob-

tained on complexation. But the imidazole ring of a Co-blm

complex can not be iodinated, and an iodinated blm forms no

complex with cobalt (Chapter D.). This observation forms strong

evidence that imidazole is involved in cobalt binding.

The formate complex must be the most stable because it is formed

from form II, which is more stable than form I. Moreover, the

formate-Co-blm complex formation is a relatively slow process.

Phosphate, chloride, urea, and probably bicarbonate presumably

do not act as external ligands for cobalt in Co-blm.

The chemical shifts in the C NMR spectrum of free blmB are the

same as for free blmA , and the same holds for the chemical shifts

Table B.8 c NMR chemical shifts of the blmB
terminal amine

(NH-C -C, -C -C.-NH-C -(NH)NH_)
a b e d e 2

C atom Chemical shift (ppm)

C 41.9
C? 26.6 or 26.9
C 26.6 or 26.9
C° 41.9
C 157.9
e



Table B.9 Chemical shifts of
13.
C NMR signals of the DAP-amide, the pyrimidine residue,

and the imidazole ring of blmB upon addition of CoCl_

C atom
b)

Free blm 30%c ) 50%C ) 90% Co-blm

C-l 172.2 (172.0) 172.1 (171.7) 172.1 (170.6)
C-2 60.8 ( 61.0) 60.7 ( 60.7) 61.1 ( 60.4)

175.2 (175.0)
64.0 or 64.7 ( 64.2 or

65.0)

C-3
C-4
C-5
C-6
C-7

48.1 ( 48.0) 48.0 ( 47.9) 48.0 ( 47.6)
177.3 (177.2)
41.2 ( 41.2)
53.6 ( 53.4)
166.4 (166.3)

177.2 (176.8)
41.2 ( 40.8)
53.4 ( 53.1)
166.3 (165.4)

177.2 (175.6)
( 38.6)

53.7 ( 52.2)
166.2 (163.0)

53.6
166.5

[ - ) 50.7 .( 50.6)
[175.6) 175.2 (175.0)
[ - ) 34.4 ( 34.4)
( - ) 50.7 ( 50.6)
[ - ) 168.4 or 170.4 (168.7 or

170.3)
I
to

C-8 165.7 (165.6) 165.6 (165.4) 165.5 (165.0) 165.8 165.3?(165.3?)
C-9
C-10
C-ll
C-l 2

C-27
C-28
C-29

113.2
153.4

11.9
168.8

134.5
119.1
137.7

(113.1)
(153.4)
( 11.9)
(168.7)

(133.8)
(119.2)
(137.3)

113.1
153.5
11.9

168.8

133.4
119.3
137.2

(113.0)
(153.4)
( 11.9)
(168.5)

(131.3)
(119.5)
(136.4)

113.1
-

12.0
168.9

132.4
119.8
136.8

(114.4)
(152.5)
( 11.9)
(168.0)

(130.5)
(119.9)
(136.1)

-
-

12
169

130
119
136

. 1

. 0

. 7 ?

. 9
.3

( - )
( - )
( 11.9)
( - )

(130.3)
(119.9)
(136.0)

121.2
?

10.2
168.4 or 170.4

134.4
119.9
143.4

(120.9?)
(149.7?)
( 10.1)
(168.1 or

170.3)

(134.1)
(119.9)
(143.2)

a)

b.The values for blmA are given in parentheses and derived from Chapter B.2.
«For the assignments, see figure at the backcover
Chemical shifts in "free" blm (in ppm) upon addition of the indicated amount of CoCl2<
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of Co-blmB and Co-blmA , with, of course, different signals

for the terminal amines. The chemical shifts assigned to the

terminal amines are not influenced by addition of cobalt,

which indicates an inertness of the teminal amine in the

complexation of blm to cobalt. The "titration" study of blmB

with cobalt in comparison to blmA reveals the following

difference: change in chemical shift of C atoms of free blmB-

upon addition of cobalt occur only in the imidazole ring and

not in the DAP amide and pyrimidine, as in the case for blmA .

In addition, the change in shifts still increases after 50%

of the blm has bound to cobalt. This suggests a weaker "hoover"

complex than in the case of blmA . Only the imidazole ring of a

free blmB might occur as a ligand for cobalt in Co-blmB_ and

probably only a small part of the free blm imidazoles are in-

volved in binding, but these exchange with nonbonded free imi-

dazole at a fast rate on the NMR time scale. The DAP amide and

the pyrimidine ring may be shielded off by the specific stereo-

chemistry of the molecule induced by the terminal amine. The

impossibility to react coupling reagents with the free amine

of the Co~blmB terminal amine (Chapter D) suggests that this

chain is stereochemically shielded.
13 f

The C NMR data obtained by Mooberry et al (21) upon protona-

tion of blmA9 shows remarkable similarities with our previously
13

published C NMR data (Chapter B.2). The changes in chemical

shift of free blmA induced by protonation are the same as in

"free" blmA after partial complexation with cobalt. We have

deduced the existence of a "hoover" complex, a complex in

which free blm acts as an axial ligand cloud for Co-blmA„,

because, after addition of 50% Co to blmA», no further changes

in chemical shifts occured. It seems that Co-blmA,, influences

the chemical shifts in free blmA„ in the same way as protonation

does. The bonding characteristics of protonation and of com-

plexation with a transition metal, like cobalt, are quite
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different, and the stereochemistry of the protonated blm and the

Co-blm complex must be also quite different. Thus, this similarity
13

may indicate that the changes in C chemical shift are probably

caused mainly by the positivation of the nitrogens involved. The

same conclusion was drawn by Qppenheimer et al (29) concerning

the influence of protonation and coordination with zinc(II) to

the secondary amine of the DAP amide.

4. ADDITIONAL REMARKS INCLUDING THE LATEST INFORMATION

The discussions concerning the structure of Co-blm are often

parallel to those concerning Fe-blm, Zn-blm and Cu-blm. However

the difrerent coordination characteristics of the metals must be

kept in mind (24), Besides there are some other arguments why to

be careful with analogy reasoning:

- The basic data for the proposed structure of Cc-blm are obtained

by X-ray crystallography on a biosynthetic intermediate of blm,

P3A, which can be crystallized (15). This P3A intermediate lacks

the terminal amine, the bithiazole moiety, and the sugar moieties:

so at least one potential ligand, the carbamoyl-group (which is

indicated as axial ligand for copper in Cu-blm (44)) is not

present, by which the total stereochemistry of the metal-P3A

complex may be influenced.

- A lot of studies concern the biologically active Fe-blm complex,

which is able to function as an oxidase (2,9). So at least one

binding site of iron must be available for oxygen, which is

thought to be in the axial position. The other axial ligand is

formed by the primary amine of the DAP-amide, which has been re-

ported to be important in oxygen activation (41) and so the

carbamoyl-group is not mentioned as a ligand.
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- Lenkinski et al (6) studied the Zn-blm complex and suggested

the imidazole ring (which was reported as a ligand for Cu,

Fe and Co) not to be a ligand for Zn.

In this way it seems significant to summarize what is known

about the structure of Co-blm, based on data derived from

measurements and observations performed on Co-blm itself.

Different forms of Co-blm

Cobalt forms an 1:1 complex with blm (18). It is now firmly

established that cobalt can form different complexes with

blm'(10,17,31,Chapter B.I), generally called form I and II.

These complexes can be easily separated from each other by

different chromatographic methods. The ratio in which forms

I and II are formed seems to be dependent on the amount of

cobalt added (17), as can be shown for Co-blmB? from Table B.10.

57
Table B.10 Ratios of formation of Co-blm-I and -II

(from (17))

Moles ratio Formation ratio

57Co-blmB2) (I/II)

1/1000 85/15
1/100 80/20
1/10 60/40
1/1 50/50
100/1 50/50

This phenomenon occurs also for Co-blmA_.
57

When we prepared carriesfree Co-blm, we also observed most of

the Co-blm to be in form I. However, both forms are in equili-

brium with each other (Chapter B.I). If the transition from

form I to II is a bimolecular proces ( an interaction between

Co-blm and blm has been demonstrated, see Chapter B.2), the
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dependence of the formation ratio to the amount of cobalt added,

may be connected with such a proces; for instance:

Co + blm > Co-blm-I + b l m > Co-blm-I-blm + C ° )

Co-blm-I + Co-blm-il

or

Co-blm-I + Co-blm-I > Co-blm-Co-blm >

Co-blm-I + Co-blm-II

However, no data are available to support these speculations.

More justified speculations may be made, when the structure

of both forms becomes known.

The oxidation state of Co-blm

Under rigorous exclusion of oxygen Co(II)-blm is formed by the

addition of CoCl2 to blm (1,26,36,42,Chapter B.2). After

exposure to air the Co(III)-blm-O- complex is formed immedia-

tely, in which the electron is thought to be localized mainly

on the oxygen (36,42,50). However, the cobalt(III)-oxygen bond

may be totally broken (1) as is indicated by the diamagnetic

NMR spectra of Co(III)-blm (not a trace of Co(II)-blm-0„ seems

to be present) and the absence of an ESR signal of Co-blm
2)

form I resp. II)

Note 2 ) . As an additional experiment 2 mg of Co-blm A_ was sepa-
rated in form I and II by HPLC (column: nucleosil 10 C18; eluent:
1% AmAc/MeOH 60/40 v/v) , ly.ophilized, after which from 1 mM solu-
tions in water the ESR spectra were recorded. However, neither
of the forms showed an ESR-signal, indicating that no paramagne-
tic centre, e.g. super-oxide anion or Co(II) was present. This
is in contrast with the results of Sugiura (36,42), but he pre-
pared Co(III)-blms by flushing Co(II)-blm with oxygen. Maybe the
formation of the oxygen-Co-blm complex he measured, does not
occur when cobalt is added to blm in an oxygen atmosphere,
although the Co(III)-blm, prepared from Co(II)-blm is present in
both forms from the beginning.
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Ligands of Co-blm

From ESR measurements Sugiura concluded for Co-blm a square pyri-

midal configuration with an axial nitrogen donor, which has been

indicated as the primary amine of the DAP-amide (42). Unfortuna-

tely, he did not take into account the occurrence of two different

forms. The C-NMR results (Chapter B.2) indicate the nitrogens

of the pyrimidine (N ) , the imidazole (N, or N..) , the primary
e Jc x

fend secondary amines of the DAP-amide (N, and N ), and probably
b c

the amide N as ligands for blm. The pyrimidine moiety has also

been demonstrated as ligands in Co-blm by Dabrowiak et al using

D.C. polarographic and cyclic voltametric studies (8).

Tsukayama et al (45) prepared a Co-blm complex from Co-blm by

hydrolysis (6 N HCl, 43 C, 5 days), which lacked the sugars,

threonine and the bithiazole. Using H and C-NMR they indicated

the pyrimidine (N ), imidazole (N,), amide (N_) and the secondary
e I f

amine (N ) of the DAP-amide as planar ligands and the primary
amine of the DAP-amide (N ) as an axial ligand. However it may

b

be expected, that hydrolysis of Co-blm influences the coordina-

tion, end thus it may be questioned whether the obtained Co-blm

fragment may be a useful model for Co-blm.

Ammonium formate can occur as an external ligand for form II

(Chapter B.I and .B.3).Due to the relative unstability of form I,

unfortunately this form is not accessible with C-NMR.

Summarizing, at this moment five ligands in form II are known

(see Fig. B.9), but another arrangement may be possible. The

oxygen, given as sixth ligand may be replaced by water or the

carbamoyl group, which are thought to be replaced by ammonium

formate. As fifth ligand the primary amine of DAP-amide may

occur according to Sugiura (42), although his observation may be

of value for form I only. About the structure of form I it

must be noticed that there is no place for the external ammonium

formate. Maybe the same ligands as in form II are involved in
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complexation, but in another arrangement. For Zn-blm and Fe-blm,

for example, two respectively four possible coordination arrange-

ments have been calculated (5). The striking differences in biolo-

gical behavior between the two forms of Co-blm (specifically the

uptake in Rhabdomyosarcoma cells) suggest a different specificity

for the cellular transport proteins (see Chapter C), which must

be due to different stereochemistries.

Using different blm-analoga like depyruvamide-blm (41), or deami-

do-blm (39) or N-methylatad-blm (13) the structures of the

Co-blms may be further clarified.

5. REFERENCES

1. Bereman, R.D., Winkler, M.E., Coordination chemistry of the
antitumor compound bleomycin. A spectral investigation of
the cobalt complex, J.Inorg.Nucl.Chem. 42, 1797-1799 (1980)

2. Burger, R.M., Peisach, J., Horwitz, S.B., Mechanism of
bleomycin action: in vitro studies (a minireview). Life
Sciences 28, 715-728 (1981)

3. Carter, S.K., in: Bleomycin, Current status and new develop-
ments, ed. by Carter, S.K., Crooke, S.T., Umezawa, H.,
Academic Press, New York (1978)

4. Cass, E.G., Galdes, A., Hill, H.A.O., McClelland, C.E., The
binding of zinc (II) to bleomycin: an investigation using
1-H NMR spectroscopy, FEBS Lett. 89, 187-190 (1978)

5. Crippen, G.M., Cppenheimer, N.J., Connolly, M.L., Distance
geometry analysis of the nmr evidence on the solution con-
formation of bleomycin. Int.J.Peptide Protein Res. 17,156-
169 (1981)

6. Dabrowiak, J.C., Greenaway, F.T., Grulich, R., Transition-
metal binding site of bleomycin A . A carbon-13 nuclear mag-
netic resonance study of the zinctll) and coppper(II) deriva-
tives, Biochemistry 17, 4090-4096 (1978)

7. Dabrowiak, J.C., Greenaway, F.T., Longo, W.E., Husen, M. van,
Crooke, S.T., A spectroscopie investigation of the metal
binding site of bleomycin A„, B.B.A. 517, 517-526 (1978)

8. Dabrowiak, J.C., Santillo, F.S., The redox properties of
bleomycin and tallysomycin and a series of their metalloderi-
vatives, J.Electrochem.Soc. 126, 2091-2095 (1979)

9. Dabrowiak, J.C., The coordination chemistry of bleomycin:



STRUCTURE 71

A review, J.Inorg.Biochem. 13, 317-337 (1980)
10. DeRiemer, L.H., Meares, C.F., Goodwin, D.A., Diamanti, C.I.,

BLEDTA: Tumor localization by a bleomycin analogue containing
a metal-chelating group, J.Med.Chem. 22, 1019-1023 (1979)

11. Eckelman, W.C., Rzeszotarski, W.J., Siegel, B.A., Kubota, H.,
Chelliah, M., Stevenson, J., Reba, R.C., Chemical and biolo-

<. gic properties of isolated radiolabeled bleomycin prepara-
tions, J.Nucl.Med. 16, 1033-1037 (1975)

12. Fazakerley, G.V., Reid, D.G., An investigation of the struc-
ture of the complexes formed between bleomycin and copper(II)
and gadolinium(III) paramagnetic ion probes by nuclear mag-
netic resonance spectroscopy, S.Afr.J.Chem. 32, 89-92 (1979)

13. Fukuoka, T., Muraoka, Y., Fujii, A., Naganawa, H., Takita, T.,
Umezawa, H., Chemistry of bleomycin XXV. Reductive methyla-
tion of bleomycin, a chemical proof for the presence of the
free secondary amine in bleomycin, J.Antibiot. 33, 114-117
(1980)

14. Goodwin, D.A., Meares, C.F., Radiolabeled antitumor agents,
Seminars in Nuclear Medicine 6, 389-396 (1976)

15. Iitaka, Y., Nakamura, H., Nakatani, T., Muraoka, Y., Fujii,
A., Takita, T., Umezawa, H., Chemistry of bleomycin XX. The
X-ray structure determination of P-3A Cu(II)-complex, a bio-
synthetic intermediate of bleomycin, J.Antibiot. 31, 1070-
1072 (1978)

16. Kakinuma, J., Orii, H., Preparation, isolation and identifi-
cation of blm 57-Co chelate with special reference to its
chelate structure, J.Label.Compounds Radiopharm. 16, 200
(1979)

17. Kakinuma, J., Kagiyama, R., Orii, H., Chemical properties
and tumor affinity of separated isomers of cobalt-bleomycin,
Eur.J.Nucl.Med. 5, 159-163 (1980)

18. Kono, A., Matsushima, Y., Kojima, M., Maeda, T., Cobalt che-
late of bleomycin I. Physicochemical properties and distri-
bution in tumor bearing mice, Chem.Pharm.Bull. 25, 1725-1731
(1977)

19. Lenkinski, L.E., Dallas, J.L., An nmr investigation of the
kinetics of dissociation of the Zinc(II) complex of bleomycin
antibiotics, J.Am.Chem.Soc. 101, 5902-5906 (1979)

20. Martin, D., Hauthal, H.G., Dimethyl sulfoxid, Akademie-Verlag
Berlin, 1971, Kapittel 8

21. Mooberry, E.S., Dallas, J.L., Sakai, T.T., Glickson, J.D.,
Carbon-13 NMR study on bleomycin A~ protonation, Int.J.Peptide
Protein Res. 15, 365-376 (1980)

22. Muraoka, Y., in Bleomycin: Chemical, Biochemical and Biologi-
cal Aspects, ed. by Hecht, S.M., 1979, Springer-Verlag New
York

23. Naganawa, H., Muraoka, Y., Takita, T., Umezawa, H., Chemistry
of bleomycin XVIII. Carbon-13 NMR studies, J.Antibiot. 30,
388-396 (1977)



?2 CHAPTER B

24. Nunn, A.D., Interactions between bleomycins and metals, J.
Antibiot. 29, 1102-1108 (1976)

25. Nunn, A.D., The relative stability of bleomycin metal com-
pelexes to metal exchange, Eur.J.Nucl.Med. 2, 53-57 (1977)

26. Nunn, A.D., A reaction of cobalt bleomycin with dissolved
oxygen, Int.J.Nucl.Med.Biol. 4, 204-205 (1977)

27. Oberley, L.W., Buettner, G.R., The production of hydroxyl
radical by bleomycin and iron (II), FEBS Lett. 97, 47-49
(1979)

28. Oppenheimer, N.J., Rodriguez, L.O., Hecht, S.M., Proton nu-
clear magnetic resonance study of the structure of bleomycin
and the Zinc-bleomycin complex, Biochemistry 18, 3441-3445
(1979)

29. Oppenheimer, N.J., Rodriguez, L.O., Hecht, S.M., Metal bin-
ding to modified bleomycins. Zinc and ferrous complexes with
an acetylated bleomycin. Biochemistry 19, 4096-4103 (1980)

30. Poll, M.A.P.C. van de, Versluis, A., Rasker, J.J., Jurjens,
H., Woldring, M.G., Labelling of bleomycin with Co-57, In-Ill
Tc-99m, Hg-197, Pb-203 and Cu-67, Nucl.Med. 15, 86-90 (1976)

31. Raban, P., Brousil, J., Svikovcova, P., Chemical and biolo-
gical properties of bleomycin labelled with Co-57, Eur.J.
Nucl.Med. 4, 191-197 (1979)

32. Rasker, J.J., Poll, M.A.P.C. van de, Beekhuis, H., Woldring,
M.G., Nieweg, H.O., Some experience with Co-57-labeled bleo-
mycin as a tumor-seeking agent, J.Nucl.Med. 16, 1058-1069
(1975)

33. Rasker, J.J., Beekhuis, H., Poll, M.A.P.C. van de, Versluis,
A., Jurjens, H., Woldring, M.G., Clinical evaluation of
radio-labelled bleomycin for tumor detection, Nucl.Med. 17,
238-248 (1978)

34. Renault, H., Henry, R., Rapin, J., Hagesippe, M., Chelation
de cations radioactifs par un polypeptide: la Bleomycine,
in Radiopharmaceuticals and Labelled Compounds, Vienna IAEA,
1973, pp 195-204

35. Sausville, E.A., Peisach, J., Horwitz, S.B., Effect of chela-
ting agents and metal ions on the degradation of DNA by bleo-
mycin, Biochemistry 17, 2740-2746 (1978)

36. Sugiura, Y., Oxygen binding to Cobalt(II)-bleomycin, J.Anti-
biot. 31, 1206-1208 (1978)

37. Sugiura, Y., Kikuchi, T., Formation of superoxide and hydroxy
radicals in Iron(II)-bleomycin-oxygen system: Electron spin
resonance detection by spin trapping, J.Antibiot. 31, 1310-
1312 (1978)

38. Sugiura, Y., Ishizu, K., Miyoshi, K., Studies of metallobleo-
mycins by electronic spectroscopy, electron spin resonance
spectroscopy, and potentiometric titration, J. Antibiot. 32,
453-461 (1979)

39. Sugiura, Y., Muraoka, Y., Fujii, A., Takita, T., Umezawa, H.,
Chemistry of bleomycin XXIV. Deamido bleomycin from view-



STRUCTURE 73

point of metal coordination and oxygen activation, J.Antibiot.
32, 756-758 (1979)

40. Sugiura, Y., Metal coordination of bleomycin:comparison of
metal complexes between bleomycin and its biosynthetic inter-
mediate, Biochem.Biophys.Res.Commun. 87, 643-648 (1979)

41. Sugiura, Y., Comparison of metal complexes between depyruva-
mide bleomycin and bleomycin: an important effect of axial
donor on metal coordination and oxygen activation, Biochem.
Biophys,Res.Commun, 88, 913-918 (1979)

42. Sugiura, Y., Monomeric cobalt(II)-oxygen adducts of bleomycin
antibiotics in aquous solution. A new ligand type for oxygen
binding and effect of axial lewis base, J.Am.Chem.Soc. 102,
5216-5221 (1980)

43. Takita, T., Muraoka, Y., Nakatani, T., Fujii, A., Umezawa, Y.,
Naganawa, H., ümezawa, H., Chemistry of bleomycin XIX. Revised
structures of bleomycin and phleomycin, J.Antbiot. 31, 801-804
(1978)

44. Takita, T., Muraoka, Y., Nakatani, T., Fujii, A., Iitaka, Y.,
Umezawa, H., Chemistry of bleomycin XXI. Metal-complex of
bleomycin and its implication for the mechanism of bleomycin
action, J.Antibiot. 31, 1073-1077 (1978)

45. Tsukayama, M., Randall.,. C.R., Santillo, F.S., Dabrowiak, J.C.,
Transition-metal binding site of bleomycin. Cobalt(III)bleo-
mycin, J.Am.Chem.Soc. 103, 458-461 (1981)

46. Umezawa, H., Suhara, Y., Takita, T., Maeda, K., Purification
of bleomycins, J.Antibiot. 19, 210-215 (1966)

47. Umezawa, H., in Fundamental and clinical studies of bleomycin.
ed. by Carter, S.K., Ichikawa, T., Mathe, G., Umezawa, H.,
1976, University Park Press, Tokyo

48. Williams, C.R., High performance liquid chromatography of
bleomycins, Proc.Analyt.Div.Chem.Soc. 14, 242-244 (1977)

49. Williams, C.R., Gifford, L.A., Scanion, B., Separation of
bleomycins by high pressure liquid chromatography, Anal.Lett.
10, 407-413 (1977)

50. Zalutsky, M.R., Friedman, A.M., Sullivan, J.C., Ruby, S.L.,
Rayudu, G.V.S., Studies of tumor metabolism II. Mössbauer
spectroscopy of Co-57-bleomycin, Int.J.Nucl.Med.Biol. 4, 216-
218 (1977)



BIOLOGICAL PROPERTIES 75

CHAPTER C.

BIOLOGICAL PROPERTIES OF COBALT-BLEOMYCIN COMPLEXES

1. PRELIMINARY DOSE LOADING STUDIES

(published as part of a paper with G. Westera, P.J. van der
Jagt and B. van Zanten in Eur.J.Nucl.Med. 4, 393-396 (1979);
submitted august 1978)

1,1. Abstract

57
Dose loading effects upon the performance of Co-bleomycin as a

tumor localizing agent have been investigated in Rhabdomyosarco-

ma bearing WAG/Rij rats. The addition of non-radioactively labelled

Co-blm increased the relative uptake of Co-blm in rapid growing

tumors, but the addition of non-chelated blm had no influence

at all.
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1.2. Introduction

Tumor localizing studies with Co-blm had usually been performed

with carrier-free (cf) Co-blm solutions (19,21). With the in-

tention to label Co-blm with radioiodine the tumor localizing

properties of fully dhelated Co-blm were studied, for the iodina-

tion had to be carried out on Co-blm in order to obtain doubly

labeled blm in stead of a mixture of Co-blm and I-blm (see Chapter

D.). It must be noticed, that at the time of this study thé

different forms of the Co-blm complexes were not yet discovered.

1.3. Material and methods

Bleomycin (a mixture of blm A ? (about 70%) as well as blm B„) was
supplied by Lundbeck (charge 76F08) in ampoules containing T5 mg.
This quantity expresses a biological unit and corresponds to
6-7 mg of material as determined by_weighing, by UV absorption
and by radiometric titration with CoCl„. The amounts of blm
mentioned in this paper are given in the Lundbeck units.
The CoCl^ was supplied by Philips Duphar in 0.5 h HCl; specific
activity higher than 4000...mCi/mg_Co.
The Co-blm was prepared as described (19) by the addition of

f0.5 mCi of C o C 1 2 t o * m g o f klm. 'Ftie Product was analysed by
TLC (24). Because of the high specific activity of the Co used,
pnly part of the blm thus became chelated. The fraction of free
Co was always smaller than 1.5%. Also a fully chelated Co-blm

was prepared by the addition of an equivalent amount of carrier
CoCl .
The tissue distribution studies were carried out on Rhabdomyosar-
coma bearing WAG/Rij rats. After implantation of the tumor (about
50 mg by weight) in the neck, the tumor was allowed to grow for
12 days.
We differentiated between two types of tumor, those with a growth
rate of 6-10 g in 12 days (rapidly growing) and those with a
growth rate of 1-4 g in the same period (slowly growing). However
we had no control over which type of tumor would grow in each rat.
About 5 uCi of Co-blm was injected in the tail vein. The animals
were sacrificed 4 or 24 hr after injection.
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1.4. Results

57
Table C.I shows the tumor/tissue ratios of Co after i.v. injec-

57
tion of 5 jiCi of Co-blm. After 4 hr about 1% of the activity was

present in the tumor and about 90% excreted. At 24 hr after injec-

tion the activity present in most tissues was decreased to about

half the amount present at 4 hr after injection.

Distribution studies were carried out after injection of (A) Co-

blm prepared as described, (B) preparation A, together with 0.1 mg

of blm, ^C) preparation A, together with 0.1 mg of non-radioactive

Co-blm. In the distribution study mentioned under C, different ratios

were observed in the case of "rapidly growing" and "slowly growing"

tumors.

These differences could not be observed in the other two distribu-

tion studies, as will be clear from the magnitude of the standard

deviation given in Table C.I.

l.<5. Discussion

The data presented in Table C.I shows that the addition of carrier
57 57

blm to Co-blm does not influence the distribution of Co. This
57

indicates that Co-blm is preferentially taken up in the tumor

and that no competition occurs with unlabelled blm. However, the
57

addition of carrier Co-blm to Co-blm seems to increase the rela-

tive uptake in the tumor in the case of rapidly growing tumors.

Although only a small number of animals was involved in these

experiments, the data obtained indicate that neoplastic tissue

has a greater demand for Co-blm. This is in accordance to Kono

et al (13), who reported that Co-blm is accumulated in tumor

tissue much more than blm.



Table C.I Tumor/tissue ratios of Co-blm " °°

b)
Injected
material

A

B

C-1

C-2

Growth rate
of tumor
in 12 days

1-10 g

1-10 g

1-4 g

6-10 g

Accumulation
time (h)

4
24

4
24

4
24

4
24

c)
Tumor/blood
act. ratio

11+2
20+5

14+4
19+6

13+1
19+5

24+1
33+6

Tumor/muscle
act. ratio

22+ 6
30+_12

27+12
25+_ 3

24+ 5
28+_ 7

53+ 5
55+_ 7

Tumor/lung
act. ratio

2.3+0.9
2.8+1.3

3.1+0.8.
2.5+0.7

2.0+0.5
2.1+0.6

5.8+0.3
6.3+1.6

Number
of rats

8
6

3
3

4
6

3
3

, .The ratios were calculated from counts/gram of tissue __
.See text. A = Co-blm, B = Co-blm + 0.1 mg blm, C = Co-bim + 0.1 mg Co-blm
Error given is the standard deviation
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2. THE EFFECT OF DOSE LOADING OF THE DIFFERENT FORMS OF
57-COBALT-BLEOMYCIN A2, B_ AND -PEPLEOMYCTN ON THE TISSUE
DISTRIBUTION AND TUMOR UPTAKE IN TUMOR-BEARING RATS.

(published with G. Westera in Eur.J.Nucl.Med. (in press);
submitted January 1981)

2.1. Abotraot

57 57
The different forms of cobalt-bleomycin ( Co-blm) A_ and B o as

57 57

well as Co-pepleomycin ( Co-pep), were investigated in tumor-

bearing rats in relation to the dose given. It appeared that the
57

tumor localizing properties of both forms of Co-blm are identical

if Co-blm is injected as a bleomycin solution without carrier

cobalt.

Differences between the biological behavior of the different

cobalt complexes (whose differ in ligand arrangement) were found

if these complexes were injected together with inactive cobalt

bleomycin complexes of the same form. In this case Co-blm B form

I and Co-pep form I localize better than Co-blm B ? form II and

Co-pep form II respectively. Such a decrease in uptake by the

tumor, compared with form I, was not observed for Co-blm A -II.

2.2. Introduction

Co-blm is a relatively effective tumor localizing agent (22),

but the long half-life of Co prevents its clinical use. More-

over, Co-blm remains an useful compound when Co (16) or J

(Chapter D.) is used as a label.

Four papers have been published (7,10,20,Chapter B.I) describing

the different forms of Co-blms and some aspects of the biological

behavior of these complexes in tumor-bearing mice (7,10): the

different forms possess different biological activities.

Three Co-blm complexes have been distinguished, i.e. forms I and

II and an ammonium formate Co-blm complex (Chapter B.3). Forms I
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and II differ in internal ligands to cobalt. Probably cobalt in

the form II complex (unlike form I) has a binding site available

to which formate, as an external ligand, forms a stable bond.

In a previous paper (Chapter C.I) we described dose effects of

the naturally occurring Co-blm mixture (a mixture of about 70%

blm A and 30% blm B , chelated to cobalt, without separation

in the different forms) which we supposed to be dependent on the

rate of tumor growth. Classifying the tumors according to the

growth rate is rather unreliable (because growth rate is a badly

reproducible characteristic), although tumor uptake of a chemothe-

rapeutic agent may be related to the activity of tumor tissue.

The present study was conducted to investigate whether the dif-

ferent forms of the Co-blm complexes influence the tumor uptake

with respect to the terminal amine and the dose given.

2.3. Material and methods

Bleomycin A (lot U3503 A„ S) and bleomycin B (lot U2600 B S)
were supplied by Lundbeck. Pepleomycin (lot 203-2) was a gene-
rous gift from professor Umezawa. Labelling was carried out by
adding CoCl with no added carrier (cf preparations) to a blm
solution of at least 1 mg/ml at pH 7, using 0.05 M phosphate
buffer pH 7.0. The forms I and II of Co-blm £~, B and Co-pep
were separated by HPLC or Seph.C25 chromatography (Chapter B.I
and B.3). The SephC25 samples as well as the samples obtained
by preparative HPLC were always analysed by HPLC just before
injection in rats. The form injected had an incidence of at
least 75% in the injection medium. The cf Co-blm form I always
contained free blm due to the preparation method and separation
methods used.

CoCl2 was supplied by Byk Malinckrodt CIL B.V. in 0.5 N HC1.
The specific activity was higher than 4000 mCi/mg Co. The tissue
distribution studies were carried out on Rhabdpmyosarcoma bearing
Wag/Rij rats. After inoculation of at least 10 cells subcuta-
neously in the neck region, the tumor was allowed to grow to
about 5 g in 5-8 weeks. This Rhabdomyosarcoma differentiated
to a spindle cell sarcoma (2). Therefore the tumor used was not
of the pure Rhabdomyosarcoma type. By inoculating the rats from
one batch of tumor cells, the tumor characteristics were identical
for all rats. All animals were killed 4 h after injection and
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radioactivity was measured in tumor, blood, abdominal muscle,
kidneys, liver and lung and sxpressed as radioactivity per gram
of tissue. These values were used in calculating the tumor to tis-
sue ratios. Oneway analysis of variance was performed on data from
blm A and blm B~ experiments. The significance level was chosen
at 5%. l

2.4. Results

57

The distribution of the different Co-blm complexes in rats in-

jected with different doses is given in Table C.2 as are some tumor

to tissue ratios. Obviously no differences occurred in tumor-

localizing properties between cf Co-blm A„ form I and form II. The

presence of free blm (net. bound to cobalt) does not influence the

tumor uptake (Chapter C.I). The addition of 0.1 mg Co-blm A?-II to
57

Co-blm A_-II in the injection mixture enhances the tumor to

blood ratio by lowering the relative blood content. There is no

significant difference in tumor uptake between the two forms and

dosages, and even when 1 mg Co-blm A -Il/rat is injected, no

dramatical decrease in relative tumor uptake occurred. The injec-

tion of Co-blm A„ with formate as external ligand (this complex

behaves chromatographically similarlyi to Co-blm. _A -I oh,1 Seph.C25)

gives the same tissue distribution pattern as Co-blm A„ without

external ligand. As far as Co-blm B„ is concerned, only Co-blm

B_-II with carrier differs significantly from the other Co-blm B_

formulations. The tumor to blood ratio in this case is considera-

bly lower caused by lower tumor content.

The different forms of Co-pep induce the same tissue distribution

as do the different forms of Co-blm B„. The data obtained for Co-

blm A_-I and Co-blm A^-II-cf and Co-blm B -I and Co-blm B^-II-cf

did not give reason to study the separated Co-pep-cf preparations,

which is neglected because of the availability of a small amount

of pepleomycin.
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Table C.2. Distribution of Co labelled bleomycin in tumor bearing rats, 4 hours after injection.
Values are expressed as 100 x the percent injected dose per gram of (wet weight)
tissue (mean + S.D.).

Organ

Tumor
Blood
Muscle
Lung
Liver
Kidney

Tumor/blood
Tumor/muscle
Tumor/lung

I-cfa)

(n=10)

9.2+4.6
0.7+0.3
0.3+0.1
2.8+1.1
5.4+2.2
33.9±6.6

15+ 8
28+15
3+ 2

II-cfa)

(n=14)

9.9+5.
0.6±0.
0.4+0.
4.1+2.
6.3+2.
33.8±5.

18+ 9
25+12
3+ 2

5
3
1
2
7
6

Co-bleomycin .

I-cra

(n=5)

7.9±4
0.6±0
0.4+0
2.4±0
5.0+2
33.1±7

14+ 9
18±14
3+ 1

)

.8

.3

.1

.7

.6

.5

n-cra

(n=8)

11.7+4
0.4+0
0.4+0
2.6+0
4.3±1

34.4+3.

34+14
31+16
5+ 2

h2

.1

.1

.2

.•5

.2
0

OOCH"
(n=6)

8.5±5
0.4±0
0.6+0
4.6+3
4.3±0
33.1±4

20+11
25+12
2+ 1

b)

.5

.1

.5

.2

.6

.9

I-cf+II-cr
(n=6)

8.9±2.9
0.4+0.1
0.3+0.1
2.5±0.4
4.7+0.7
36.4±12.1

20± 6
28+ 7
4± 1

II+lmg
(n=4)

5.6±1.
0.3+0.
0.3+0.
3.2+0:
3.7+0.
32.6+6.

20+ 5
19± 9
2+ 1

c)
cr

3
1
1
2
5
6

3



Table C.2. (Continued)

f

Organ

Turpor
Blood
Muscle
Lung
Liver
Kidney

Tumor/blood
Tumor/muscle
Tumor/lung

I-cfa)

(n=4)

11.3+4.7
0.3+0.1
0.3+0.1
3.0+0.5
4.5+0.7

40.6+3.5

33+ 5
38+10
4+ 2

57
Co-bleomycin B ?

Il-cf
(n=6)

13.3+7
0.5+0
0.3+0
2.5+1
4.6+1
40.5+3

28+ 7
40+20
5+ 2

.4

.3

.1

.6

.6

.3

I-cr
(n=5)

12.4+5.
0.5+0.
0.4+0.
2.4+0.
4.5+1.
39.8+6.

25±11
37+20
5+ 2

9
2
2
4
2
9

I I-cr
(n=6)

4.8+1
0.6+0
0.3+0
2.4+0
4.3+0
42.1+3

9+ 3
16+ 6
2+ 1

.0

.1

.2

.7

.8

.1

57

I+II-cf
(n=3)

11.9+9
0.3±0
0.3+0
2.8+0
6.9+2
35.8+2

31+ 8
37+11
4+ 2

.9

.2

.2

.9

.2

.9

Co-pepleomyc in

I-cr
(n=5)

8.6±3
0.5+0
0.3+0
3.3+1
6.4+2
40.6+3

21+11
38±18
3± 2

.0

.3

.1

.3

.2

.2

Il-cr
(n=5)

4.6+3
.0.4+0
0.2+0
1.8+0
.4.0+2
35.3+6

16+11
20±ll
2± 1

.0

.3

.1

.9

.9

.2

a)

b)

I-cf means: form I injected as a carrierfree solution; Il-cr means: form II injected which
such an amount of inactive cobalt, that 0.1 mg per rat is injected, unless otherwise mentioned.
I-cr means etc
OOCH means: the formate complex of Co-blm A is injected in 0.1 mg quantities.
as the carrier solution mentioned in a), moreover with additional 1 mg Co-blm A -II per rat.

to

I
5
o

CO
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2.5. Discussion

a) General conclusions. The percentage dose/g kidney is remarka-

bly consistent for all observations (notice the low relative

standard deviation). So an observation obtained for the kid-

ney can be used to check the reliability of the other obser-

vations done on the same animal.

b) Carrier-free preparations. No difference in biological beha-

vior in the parameters measured is observed between the forms

I and II carrier-free of Co-blm A_ or of Co-blm B .

The tumor to blood ratios for the cf preparations of Co-

blm A„ are significantly lower than for Co-blm B_ and Co-pep.

c) With carrier Co-blm present. With added carrier, Co-blm B -I

and Co-pep-I show higher tumor to tissue ratios than Co-blm

B -II and Co-pep-II respectively, mainly due to a signifi-

cantly lower tumor uptake of form II compared with form I.

For Co-blm A~ the opposite phenomenon is observed: form

Il-cr shows even higher ratios than form I-cr. Thus, it

seems that saturation of the available bleomycin binding

sites in the cell occurs at higher doses of Co-blm B„-I and

Co-pep-I, than is the case for Co-blm B -II and Co-pep-II.

A decrease in tumor uptake, compared with form I, is not

observed for Co-blm A„-II.

d) With extra additives. The Co-blm A -formate complex injected

has a distribution pattern similar to Co-blm A~-Il-cr. If the

formate complex itself is not responsible for this distri-

bution pattern, a loss of formate must occur from the complex

resulting in a Co-blm A2~II complex.

The addition of Co-blm A„-II-cr to Co-blm A„-I-cf gives

rise to tumor to tissue ratios which resemble those of Co-blm

A2-I-cf more than those of Co-blm A.-II-cr. This suggests that

no exchange of cobalt between the forms I and II occurs (17)

I
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and that the presence of form II does not influence the bio-

logical behavior of form I.

The amount of carrier added to the Co-blm A0-II-cr prepara-

tions is not critical. Increasing this by a factor of 10

(to 1 mg per rat) saturated the tumor (the relative tumor

uptake decreased by a factor of 2) but the tumor to blood

and tumor to muscle ratios only decreased from about 30 to

about 20 (which is still comparable with the values found

with Co-blm A_-II-cf).

A conclusion which may be of use for the application of labelled

Co-blm as a tumor localizing agent is that, independent of the

form used, the cf preparations of Co-blm B and Co-pep show better

tumor to tissue ratios than Co-blm A„. High ratios may be reached

with Co-blm A~ if Co-blm A0-II-cr is also used.

The differences in biological properties between Co-blm A and

Co-blm B„ may be due to the stereochemistry of both complexes. Al-

thougfi in both complexes the same groups in the blm-molecule are

indicated as ligands for cobalt, some of the chemical properties

differ (Chapter B.3) and this is strongly suggestive of stereo-

chemical differences.

Some of the results reported with SR-DDD-BR tumor bearing mice by

Kakinuma et al (10) are in line with the dose loading results

presented in this paper. Kakinuma used Co-blm formulations that

in our notation would be given by Co-blm-cr. The orange and green

complexes of DeRiemer et al (7) are chemically different from

form I and II (Chapter B.2) as are their biological properties.

Studies are now underway to elucidate the reasons for the obser-

ved differences in the biological behavior of the form I and II

complexes.
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3. SELECTIVITY OF TUMOR TISSUE UPTAKE OF THE DIFFERENT FORMS
OF 57-COBALT-BLEOMYCIN A„ AND Bo.

(to be published with G. Westera in the Int.J.Nucl.Med.Biol.;
submitted september 1981)

3.1. Abstract

The cell uptake of the different forms (I and II) of Co-bleo-

mycin A_ and B was studied in a Rhabdomyosarcoma cell culture.

The results show that the uptake of form I appears to be signifi-

cantly higher than the uptake of form II. The evidence presented

indicates that form I is formed in vivo as well as in vitro from

form II by biotransformation. Transferrin stimulates the uptake

of Co-bleomycin B_ form I only. As a result of trypsin treatment

it is suggested, that form II binds only on the outer cell membra-

ne and is not able to pass this membrane.

3.2. Introduction

The metal complexes of the antitumor antibiotic bleomycin (blm)

have been extensively studied (reviewed by Dabrowiak (6) and

Burger et al (4)). The tumor localizing agent Co-blm occurs in

different forms, differing in ligand arrangement (Chapter B ) .

Recently also two forms of the Fe(III)-blm complex have been

demonstrated (15), differing in their activity in breaking DNA.

The tissue distribution and tumor uptake of both forms of the

Co-blm complex show striking differences with respect to the

terminal amine and the concentration given (Chapter C.2).

Accordingly Co-blmB^-I and Co-pep-I are better tumor localizing

agents than the form II complexes. In the case of Co-blmA„

however, this is not observed. In the underlying study these

phenomena are studied in more detail: the organs of rats in-

jected with Co-blm have been analysed on the form of the Co-blm

complex present, and the cellular uptake of both forms has been
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studied using a tissue culture of Rhabdomyosarcoma cells.

In addition the influence of carrier proteins like human transfer-

rin and the proteins present in foetal calf serum and rat serum

on the uptake of Co-blm has been studied.

3.3. Material and methods

Chemicals

Bleomycin A 2 (lot U 4300 A2 S) and bleomycin B (lot Ü 4300 B 2 S)
were supplied by Lundbeck. Co-57-Cl2 was supplied by Byk
Mallinckrodt CIL B.V. in'0.5 N HC1; the specific activity was
higher than 4000 mCi/mg Co. Carrier-free (cf) Co-blm was prepared
by adding approximately 0.1 mCi Co-57-Cl? to 0.5 mg blm, after
which an equivalent of NaOH and 25 yl 0.25 M phosphate pH 7.0
was added (total volume about 0.1 ml). This solution was allowed
to stand at room temperature for a couple of days, so that enough
of form II would be present, when preparative separation was per-
formed (15). Carrier (cr) Co-blm was prepared by adding 0.1 mCi
Co-57-Cl- to 1 mg blm and there after an equivalent of CoCl-, and
after that an equivalent of NaOH and 25 yl 0.25 M phosphate pH
7.0. Immediately after preparation purification was performed.
All nutrients used in this study were obtained from Gibco Europe.
Human transferrin (pure, 90%) was obtained from Serva Feinbio-
chemica.

Chromatography

Co-blm form I and II were purified by preparative HPLC, Co-blmA9
over Nucleosil 10 C-18 (from Chrompack) and Co-blmB over Radial-
Pak A (from Waters); in both cases the eluent was 1% ammonium-
acetate /me thanol 6/4 (v/v) (Chapter B.3).
Since the two forms were not completely separated by these systems
the start of the peak representing form II and the end of the peak
containing form I were collected. Each fraction contained about
10% of the initial radioactivity. The methanol was removed with
a gentle stream of air, after which each fraction was analysed
on HPLC. The other form was always present in amounts of 10% or
less. The crude cell extracts, tumor extracts and blood were ana-
lysed over a CM Sephadex C25 column (30 ml), eluted with 400 ml
of a linear gradient from 0.05 to 1 M ammoniumformate (Chapter
B.I)

Cell tissue culture

The Rhabdomyosarcoma cells (2) (a kind gift from professor G.W.
Barendsen, REP institutes of TNO, Rijswijk, The Netherlands) were
grown in 50 ml tissue culture flasks using 5 ml medium. This
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medium contained minimum essential medium (MEM), according to
Eagle with Earles salts; to this were added later on glutamine
(1 ml of 200 mM per 100 ml medium), 10% foetal calf serum
(FCS), and 10 mg streptomycin and 10000 E penicilline per 100 ml
medium. Air with 5% C0„ was set above the medium.
10 cells growed in 4 days to about 1.7 x 10 cells. After
removal of the medium the cells were washed„with 2 ml Earles
balanced salt solution (EBSS) without metal ions. Then they
were brought in suspension by incubating with 0.6 ml 0.25%
trypsin for a few minutes at room temperature. The activity
of trypsin was stopped by adding at least 1 ml medium with
metal salts to the cell suspension.

Uptake studies

Flasks with 1.7 (+ 0.3) x 10 cells were used in the uptake
studies. The medium was removed, and when the uptake in MEM
or in MEM with human transferrin (0.5 mg/ml) had been studied,
the cells were washed with 2 ml medium without FCS. 2 ml medium
including the Co-blm (about 10 cpm) was added, followed by
air with 5% CO_; care was taken that the medium did not contact
the cells. At time zero the cells were moistened with the medium.
Incubation was performed at 37 C while the flasks were gently
shaken.

The incubation was terminated by putting the flasks upright and
removing the medium. The cells were washed twice for a few
seconds with 1.5 ml EBSS, after which they'were suspended using
0.6 ml 0.25% trypsin and 1 ml medium of the same composition
as the incubation medium. The removed medium, the two washings
and the cell suspension were counted for radioactivity (the
first washing contained about 10% radioactivity of the medium
and the second washing about 10% of the first washing).
Immediately after counting (within 1 h after the cells had been
brought into suspension) the cell suspension was centrifuged
at 3000 r.p.m. for 10 minutes. The pellet and supernatant
were also counted for radio-activity.

Analysis of Co-blm, extracted from cells and tumors

Pure Co-blm form II (twice purified over HPLC) was added to
cells and incubated in MEM + FCS for 4 h. The medium was
removed, and pooled with the EBSS-washing, analysed by Seph.C25.
The cells were destroyed by incubation with trypsin for 15 min.
at 37 C, followed by a sonication for 5 min. After centrifuga-
tion the supernatant was analysed on Seph.C25 as were the pure
Co-blm and the pure Co-blm incubated for 4 h in medium without
cells.
Rat tissue extracts were prepared by homogenizing tumor or
kidney tissue in 0.25 M sucrose in a Potter-tube. After centri-
fugation, the supernatant was analysed. Blood samples were
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taken from the tail vein and urine samples from the urinary
bladder.

3.4. Results

', In table C.3 the uptake of Co-blm in Rhabdomyosarcoma cells is

given after 4 h of incubation at 37 C. An incubation period of

1 4 h was chosen in analogy with the animal experiments (Chapter

C.2). The uptake then has reached its maximum 7 after 1 h and 2 h

incubation about the same uptake of Co-blm is observed as after

4 h incubation. The uptake of form I surpassed in almost all

instances the uptake of form II. As can be seen from Table C.3

the addition of FCS or transferrin does .not significantly affect

the uptake, except for Co-blmB -I cr. Therefore the observations

with the same form and concentration as parameters were considered

to be representative for one experimental group from which the

mean % cellular uptake was calculated (Fig. C.I). In analogy with

the animal studies, cf Co-blm as well as cr Co-blm were studied.

While in rats the different forms lead to different tumor uptakes,

only when some carrier Co-blm had been added to the injection

mixture, this carrier effect was not observed in the underlying

study: the difference in cellular uptake for both forms was even

more pronounced if cf solutions were used. The amount of cr Co-

blm added to 1.7 +^0.3 x 10 cells was about 2.5 Ug/ml medium,

so the concentration was of the same order as the initial concen-

tration in blood (in rats 0.1 mg Co-blm was injected as carrier)

In Table C.3 as well as in Fig. C.I the percentage of Co-blm

present in the pellet of the cell suspension is also shown. While

the radioactivity in the cell suspension represented the Co-blm

in the intact cells and cell membranes, centrifugation of the

cells released by trypsin separates the Co-blms strongly bounded

to heavy cellular material (the pellet) and the dissolved Co-blms.

The ratio between the radioactivity in the pellet and the cell
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Table C.3. Cellular uptake of Co-blm complexes in Bhabdomyosarcoma cells *•>

Co-blma)

A--I cf
2.

A —TT e*f
A_ li. uiA

A„-I cr
z

A -II cr
z

addition to
M.E.M.

_
transferrine
F.C.S.
total

—
transferrine
F.C.S.
total

—
transferrine
F.C.S.
ratserum
total

—

transferrine
F.C.S.
ratserum
total

n

4
4
4
12

4
4
4
12

6
7
6
4
23

2
2
2
2
8

%

2
2
3
2

1
0
0
0

1
0
1
0
1

0
0
0
0
0

in

.96

.33

.45

.31

.00

.83

.98

.94

.02

.96

.02

.98

.00

.66

.57

.45

.61

.57

cell

+
+
+
+

±

+
±
±

±
±
±
±
±

±

1.
0.
0.
1.

0.
0.
0.
0.

0.
0.
0.
0.
0.

0.

c)

65
58
93
15

34
39
45
37

54
25
68
.35
.45

.12

% in

1.60
1.05
1.25
1.30

0.22
0.10
0.13
0.15

0.37
0.31
0.22
0.14
0.27

0.10
0.12
0.08
0.12
0.11

pelletd)

+ 1
± o
± o
± o
± o
+ o
+ o
± o
+ 0
± o
± o
± o
± o

+ 0

.11

.32

.31

.67

.19

.07

.11

.13

.12

.14

.21

.02

.16

.03

ratio
pellet/cell

54
45
36
45

22
12
16
16

36
32
22
14
27

15
21
18
20
19

i



Table C.3. (Continued)

a addition to n % in cell % in pellet ratio
M.E.M. < pellet/ceir

' B -I cf
2.

B~-II cf

B -I cr

B -II cr

-
transferrine
F.C.S.
total

—
transferrine
F.C.S.
total

—
F.C.S.
total

transferrine
ratserum
total

_
transferrine
'il . C . O .

ratserum
total

4
4
4
12

4
4
4
12

6
12
18

8
4
12

4
2
6
2
14

4.75
3.49
3.03
3.75

1.13
0.75
0.72
0.87

0.65
0.61
0.62

1.49
1.56
1.51

0.54
0.66
0.57
0.54
0.57

+ 1.05
± 2.06
± 0.73
+ 1.48

± 0.91
+ 0.18
± 0.26
± 0.54

± 0.22
± 0.27
± 0.25

± 0.66
± 0.65
± 0.63

+ 0.30

± 0.19

± 0.20

2.64
1.91
1.28
1.95

0.16
0.07
0.11
0.11

0.19
0.11
0.14

0.59
0.69
0.62

0.08
0.11
0.04
0.07
0.07

+ 1.
± 1.
± o.
± 1.

± o.
+ 0.
± o.
± o.
± o.
± o.
± o.
± o.
± o.
± o.
± o.

± o.

+ 0.

04
55
18
13

11
04
08 "
08

13
08
10

35
29
32

09

02

05

56
55
42
52

14
9
15
13

29
17
40

40
44
41

15
17
7
13
12

a)
,,A_-II .cf:Co-blm A? form II carrier-free, B -II cr: Co-blm B„ form II carrier; etc.
,M.E.M. Minimum Essential Medium; F.C.S.: Foetal Calf Serum

^.% uptake per 1.7 +0.3 x 10 cells in 4 hr.
.% uptake in the pellet, obtained by centrifugation of the trypsin treated cells

e'% in the pellet/% in cell x 100

CO

o

1
1
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°/oC<2ll
uptake

5 -

4 -

3-

2-

1-

n=

cf I

Co - blm A2

n=12 n=

cr I
n=l8

crfl

n=12

cfl

% uptake in
pellet of
trypsine
treated cells

Co - blrn B2

n=12

c f l

18

crl

12

crl

•transferrinc
or- ratserum

c r l

Fig. C.I Percentage cellular uptake of Co-bleomycin complexes
in Rhabdomyosarcoma cells (illustration of Table C.3)
cf I = carrier-free form I; cr II = carrier form II,
etc.

suspension clearly demonstrates that the percentage of radioacti-

vity in the pellet is significantly lower if form II is incubated,
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Table C.4 In vitro transformation of Co-bleomycin form II
into form I .

% form I, when is incubated
Co-blmA -II Co-blmB -II Co-blmB -I

pure Co-blm
to be incubated 3.1 2.0 88.7

incubated with cells^
- in cell fraction 20 42 100
- in medium ° 9.2 7.4 91.8

in medium, 4h
incubated without cells 6.7 3.9 89.6

experimental conditions: as in Table C.3 for Co-blm-cr in
MEM + FCS

. the whole supernatant fraction was analysed
the medium contained also the EBSS-washing

than when form I is incubated. In table C.4 the results of ana-

lysis of cell contents are given from cells incubated 4 h at 37 C

with Co-blm-II, twice purified. This pure Co-blm-II was analysed

on Seph. C25 once again after incubation in medium without cells,

as well as in the removed incubation medium and washing. An in

vitro transformation from form II into form I can be observed

and a disproportionate quantity of Co-blm-I in the cell, compared

with the surrounding medium.

Independently of the form used for injection, all free Co-blm

(20-30 % of the radioactivity present in the tumor) extracted

from rat tumors, was in the form I configuration. In Table C.5

the results of analysis of Co-blm in rat extracts from non-tu>mor-

bearing rats are summarized; these rats were injected with Co-blm-

II. The analysis of the urine samples indicates an absolute in-

crease of form I. In rat kidney extracts always about 25% of

the free Co-blm was present in the form II configuration.
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'\ 3.5. Discussion

The observation in tumor bearing rats, that Co-blm-I is accumula-

ted in tumor tissue more than form II» is now also made for the

Rhabdomyosarcoma cell culture. However, the difference in tumor-

; accumulation of both forms occur only in vivo, if some carrier

Co-blm is added, while carrier-free preparations produce more

. pronounced differences in vitro. Maybe this is due to a different

availability of Co-blm-tumor-bindingsites (vide infra).

The preferential cellular uptake of Co-blm-I can also be seen

from the results of analysis of cell contents. Analysis of the

supernatant of destroyed cells shows a disproportionately large

content of form I over form II (Table C.4). In extractions of

a)
Table C.5 Co-bleomycin form I present in extracts from rats ,

injected with Co-bleomycin form II

rat 1, injected with Co-blmB2 89% form II
in a blood sample, 1 h after injection 89% form I
in urine (sample: 70% ) after 1 h 87%

rat 2, injected with Co-blmB 93& form II
in a blood sample 1 min. after injection 25% form I

5 min. 75% ..
15 min. 65%
60 min- 100%

in urine (sample: 22%C)) after 1 h 100%

rat 3, injected with Co-blmA^ 83% form II
in a blood sample 15 min. after injection 100% form I

60 min. 100%
in urine (sample: 15% ) after 1 h 71%

. analysed by CM Sephadex C25

. urine extracted from bladderc)
sample extent is given as % of the injected dose; this per-
centage is given to demonstrate an absolute increase of form I
in the rat.
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tumors of racs, injected with Co-blms-I and -II, the free Co-blm

present appeared always in the form I configuration. Besides this,

from the analysis of the incubation medium (Table C.4) and

extracts from non-tumor bearing rats (injected with Co-blm-II;

Table C.5) a biotransformation from form II into form I can be

concluded: the quantity of form I increases absolutely upon in-

cubation in the presence of tumor cells, or upon injection in

rats. The question can be raised, if this form I is indeed the

original form I or a new "pseudo" form I (Chapter B.3). However,

whatever happens with this Co-blm, the initial configuration of

Co-blm determines the cellular uptake.

When the data mentioned in Table C.3 are considered, the follo-

wing must be kept in mind: The number, indicated as cellular

uptake, represents the radioactivity present in cells washed

twice, stuck to the bottom of the cell culture flask, counted

after those cells were released by trypsin and removed from this

flask as a cell suspension. By the trypsin treatment some of

the cell membrane may be broken down (8), upon which the Co-blm

present in, or bound to the coll membrane goes into solution.

Possibly also the free Co-blm, present in the cell passes the

cell membrane to go into the outer cellular liquid. Centrifuga-

tion of these cells may yield a pellet containing only Co-blm

strongly bound to cellular material. When now Co-blm-II is

incubated, the relative Co-blm content in the pellet is much

lower than when Co-blm-I is incubated. This suggests that Co-blm-

II may not pass the cell membrane; the radioactivity present in

the pellet must then be due to Co-blm-l, present as impurity

in form II, and formed by biotransformation from form II.

The uptake model thus becomes:

- Co-blm-I is actively transported over the cell membrane into

the cell

- Co-blm-II is bound to cell membram? receptors, but not trans-
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ported into the cell. The form I, as an impurity in form II,

will then be responsible for the Co-blm uptake of incubated

form II.

The assumption that Co-blm-II is released from the cell membrane

by trypsin is supported by Polak and Rinck (18), who suggest that

trypsin is able to abolish a receptor blockade of effector

lymphocytes

form1(=1) I form2(=2)

car r icrprotein (* c)

-cell

Fig. C.2. Hypothetical scheme of the uptake of form I and II
of Co-bleomycin A_ and B in a tumor cell.

Considering the role of carrLerproteins added, only the uptake

of Co-blmB?-T cr is enhanced by human transferrin and ratserum.

For the other Co-blm complexes no influence of the addod carrier

protein was observed; thus the data, obtained for the same form

and concentration were averaged, because they were considered to

be representative for one experimental group. In Fig. C.2 the

L
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\ cellular uptake model for Co-blm is given, in which also the role

of transferrin is incorporated. Whether this model is only of

value for tumor cells is not yet known.

, The differences in uptake between both forms become more pro-

i\t nounced if cf Co-blm is incubated; transferrins do not interfere

with the uptake of cf Co-blm, because the formation of a Co-blm-

', carrier-protein complex will hardly occur due to cf quantities

of Co-blm in this second order process. If cr Co-blrn is incuba-

ted a less pronounced difference in uptake of both forms can b<2

shown-, probably due to the amount of Co-blm form I, formed by

biotransformation from form II, which displaces competitively

Co-blm form II from the cell membrane.

This model may also be of value in vivo, albeit that the renal

excretion must be taken into account. If cr Co-blm-II is in-

r jected, all available bindingsites may be occupied by form II

and form I (present as impurity and quickly (?) formed by

biotransformation), so that, compared to a form I injection,

a minor quantity is introduced into the tumor, because hardly

any fresh Co-blm is supplied, due to the fast renal excretion.

Besides this,- a rat serum component may be able to enhance the

uptake of Co-blmB„-I, as it occurs in vitro. Unfortunately this

model does not explain the enhanced uptake of cr Co-blmA„-II

in vivo. When tumor tissue preferentially extracts Co-blm-I from

the blood, without using all available Co-blm bindingsites, and

C therefore without competition with form II, it will be conceiva-

I"'.
£\j ble, that in vivo no differences in tumor uptake occur for cf
$ Co-blm preparations.

Reports have appeared in the literature dealing with the farma-
57

cokinetics of blm and Co-blm in man (1), mice and rats (3,9,

13,25) or with the subcellular distribution of Co-blm in

tumors (11,12) and EAT cells (5). However, in these reports the

'; occurence of the different complexes of Co-blm is not mentioned.
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In all papers Co-blm is described to accumulate much more in tumor

tissue than does free blm, and the excretion of Co-blm to be

faster^than that of blm.Co-blm is described to bind on DNA (14)

or at least to be present in the nuclear fraction (13) (for this

reason in Fig. C.2 the cell nucleus is pictured as target for Co-

blm-I). In the light of the data presented in this paper, the

Co-blm present in tumors as is described in the studies mentioned

above is probably Co-blm-I. Co-blm-II will be partially biotrans-

formed to form I and partially excreted; the latter is suggested

by results from analysis of kidney extracts, which proved to

contain form II.

4. APPENDIX: CHOICE OF THE BIOLOGICAL MODEL

The tumorline Rhabdomyosarcoma R-l was maintained in the laborato-

ry for the experimental medicine of the Free University at the

time when the bleomycin project was started. This tumor is a

rapid-growing and solid one, which possesses good localizing

proportion for Co-blm complexes (21) . And because the main cri-

terion for the choice of a tumorniodol is : does it work?", this

Rhabdomyosarcoma was used in the underlying studies.

The Rhabdomyosarcoma was developed in the REP institutes of

TNO Rijswijk the Netherlands, by irradiation of a WAG/Rij rat

with X-rays (23) . The growth characteristics of this transplanta-

ble tumor as well as the derived cell culture are summarized by

Barendson et al (2). During sequential transplantation of many

tumor.s as well as during propagation of cell cultures, a gradual

decrease of expression of differentiation characteristics can be

observed, line Rhabdomyosarcoma so differentiated to a spindle

cell carcinoma (2). For this reason a large batch of cells

was allowed to grow in cell culture, which was deep froozen
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in ampoules. From this batch an ampoule was thawed when

needed, and about 10 cells were inoculated in the neck

region of rats. In 5-8 weeks these cells developed to

a solid tumor of about 5 gram (see Chapter C.2). This method

quaranteed of working with identical tumors during all the

experiments. Only the preliminary experiments, described

in Chapter C.I were carried out on animals with sequentially

transplantated tumors.

The cell culture was also used as a relatively simple biologi-

cal model compared to the tumor bearing rats. The tissue

culture experiments (described in Chapter C.3) were per-

formed with a new batch of cells from TNO.

If a new labeled bleomycin had been developed with possi-

bilities for clinical use, it was intended to use also

tumors of other classes.
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CHAPTER D.

RADIOIODINATION OF COBALT-BLEOMYCIN

1. ABSTRACT

In the tumor-animal model used, iodinated bleomycin is found to

be an unsatisfactory tumor localizing agent. In order to combine

the useful localizing properties of Co-bleomycin with the

qualified detection properties of some iodine isotopes, reactions

are carried out to iodinate Co-blm.

Unfortunately general labeling of Co-blm with IC1 was unsuccess-

ful as well as several electrophilic iodinations on Co-pepleo-

mycin.

The reaction with iodinated agents on the free amine of the side

chain of blm B also failed. However, Co-blmdA- gave a product

upon reaction with N-bromo-acetyl-3-iodo-aniline containing a
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57 125

Co as well as a I label. Unfortunately, the tumor localizing

properties of this (unstable) product were unsatisfactory. The

structure of a possibly successful iodinated Co-blm is outlined

as well as the reasons that prevent the realization of this

product in the Radio-Nuclide Centre of the Free University

Amsterdam.

2. INTRODUCTION

In the preceding chapter it is clearly shown that Co-blm is a

relatively effective tumor localizing radiopharmaceutical, but

the long half life of Co (267 days) prevents its use in

clinical routine. The positron emitter Co can be produced

(17), but no cobalt isotopes are available with a short half-

life, which emit gamma radiation with an energy suitable for the

use with a common gamma camera.

Among the radionuclides with suitable half-lifes and gamma
123

energies I is outstanding (20). Blm can be iodinated via gene-

ral labeling procedures of which the ICl-method (18) is shown to

be the most satisfactory (20). Radioiodinated blm, prepared via

the Chloramine-T-method (12) does not seem to be a convincing

tumor localizing agent (8) , although some positive results

have been reported (5,15).
125

In this chapter a study is described to label Co-blra with I,

a radioiodine suitable for radiopharmaceutical research purposes

(half-life 60 days).

In order to preserve the tumor localizing properties of Co-blm1s

the iodination strategy is concentrated on the terminal amine

(see back-cover), which was thought not to be involved in

cobalt-complexation (see Chapter B.).
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Two labeling methods were investigated:

A. Direct iodination with positive iodine.

Aromatic compounds are targets for this reactive species. So

the iodination was investigated of:

1. the imidazole ring in the centre of the blm molecule

(see Chapter D.3.1)

2. the phenyl-group in the terminal amine of cobalt-pepleo-

mycin (see Chapter D.3.2).

An electrophilic substitution of the other aromatic ring of

blm, i.e. the pyrimidine-ring will not be possible, because

all the C-atoms carry already substituents.

B. Conjugation labeling with a reactant that is radioiodinated

or easy to radioiodinate.

The groups in blm on which coupling reactions were carried

out are:

1. the free amino-group of the terminal amine of Co-blmB

2. the thioether •> the terminal amine of Co-blm-demethylA„

The different radioiodination techniques are reviewed by Bolton

(8). An in vivo deiodination may be easily followed by counting

the thyroid for radioiodine, for the thyroid is the critical

organ for radioiodide (about 20% of the iodide present in the

total body will be present in the thyroid (14)).

3. IODINATION RESULTS

Z.I. Iodination of the imidazole-ving '<

General labeling of unchelated blm by the favourite ICl-method j

(20) causes an introduction of iodine in the imidazole-ring. I
1 '

In figure D.1 the low field (aromatic) part of a H-NMR spectrum

of blmA„ as well as of I-blmA_ is given. It is obvious that the

signal due to the proton of the imidazole-C-28 has disappeared
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I-blm A2

Jt->~**-^^

8

blm A2

8 ppm

Fig. D.I . Low f ie ld pa r t of a 250 MHz H-NMR spectrum of blmA„
and I - b l A

chemical shifts
for
H-C
H"C29E-Cll
H-C _

blmA
this work

7.25
7.87
8.04
8.05

re f. 4
7.42
7.90
8.06
8.21

I-b

7.
8.
8.

lm

83
05
05

'47

upon iodination with a 2.5 fold excess of iodine. Krohn et al

(16) suggested the formation of a diiodo-blm, because they ob-

served a decrease in the relative peak content (compared to that

of the bithiazole proton peaks) for C Q-H as well as for C- -H

when they added an equivalent of ICl to blm. This is clearly

not supported by the results presented in Fig. D.I.
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Table D.I.
a)

Some tissue distribution parameters in tumor
bearing rats for 125-I-blm, 57-Co-blm and apparently
57-Co chelated 125-I-blm, 4 hr after injection

57_ 125 ,_nCo- I-blm

(n=3)
b)

125

(n=3)

I-blm
c)

57Co-blm
d)

(n=3)
125I-label 57Co-label

s)Tumor/blood .
Tumor/muscle
Tumor/lung

2
5
1

.0

.4

.3

+ 1
+ 1
+ 0

.2

.4

.9

14
38
4.8

+ 6
+ 12
+ 3.2

3
5
2

.3

.8

.0

+ 2.
+ 3.
+ 0.

0
5
5

11
22
2.3

+ 2
+ 6
+ 1.3

a)
The methodology of tissue distribution studies in tumor

. bearing rats is described in detail in Chapter C.
, For preparation, see experimental part (D.3.31. About 5
. 57-Co and 0.5 yci 125-1 was injected per rat.
For preparation, see experimental part (D.5.3). About 10 yci

,. of 125-I-blm was injected per rat.
For preparation, see experimental part (D.5.2). About 5 yci

. of 57-Co-blm was injected per rat.
The tumor/tissue radioactivity ratio's were calculated from
counts/gram of tissue; the ratio's are given with their
standard deviation.

125 57
From the 1/ Co ratio of the purified product after iodination

of fully chelated Co-blm, it has been calculated that only 1%
125

of the I-RA used was present in this compound. If the labeling

sequence was reversed and was iodinated first and then treated
57

successively with Co and carrier cobalt, only chelation of

the non-iodinated compound was observed: TLC-analysis of the
125

reaction mixture indicated the presence of both I-blm and

Co-blm.

The results of the tissue distribution study in rats (see Table

D.I) also support the conclusion that introduction of iodine and

cobalt in the same blm molecule is not possible, regardless the
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sequence of iodination and chelation

The data in Table D.I shows that after injection of the

apparently doubly labeled compound the in vivo distribution
12*̂  1 9 ̂ ^ 7

of the I-RA equals that of pure I-blm and that the Co-RA
57

is distributed similary to that of pure Co-blm. These observa-

tions may be explained by the fact that even after a fairly

quantitative iodination, enough unreacted blm is present to

chelate some cobalt.

These results imply that the site of iodination of bim, the imida-

zole ring is essential for the formation of a stable complex

with cobalt, which is also demonstrated in Chapter B.

3.2. Iodination of eobalt-pepleomyain

A new approach in iodination of blm was made possible by the

development of a blm with a phenyl moiety in the side chain,

the so called pepleomycin (pep) (25).

In general phenyl rings are relatively easy iodinated by electro-

philic substitution reactions with formation of a„.rather stable

iodine-carbon bond. The phenyl moiety of pep is not activated for

electrophilic substitution: its reactivity should be comparable

to toluene which appears to be iodinated by chloramine-T (29).

The iodinating agents which are used to iodinate Co-pep are

summarized in Table D.2. Unfortunately these agents yield no

iodinated Co-pep.

Only iodination using concentrated HNO yielded a product which
1 0 K ^ 7

contained I as well as a Co-label. HPLC analysis showed that

Studying the iodination of Zn-blm and Fe-blm, ICl appeared
to be able to expel the iron from the blm molecule; however
zinc forms such a stable complex with blm that iodination of
the imidazole in Zn-blm is prevented like in Co-blm.
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the product formed possessed a different retention volume

compared to Co-pep on partisil (5 ml against 7 resp. 8 for

Co-pep-I resp. II). However this product deiodinated in vivo as
125

was shown by the very high uptake of I-RA in the thyroid.

Moreover, the tissue distribution pattern of the Co-RA did not
57

parallel Co-pep. Therefore the iodination method seems to be

too drastic for Co-pep.

Summarizing it turned out to be impossible to iodinate Co-pep

in the way described. A possible explanation for this conclusion

may be found in the stereochemistry of the Co-pep complex. Al-

though from studies about the structure of the Co-blmA and

Co-blmB complex it is clear that the terminal amine is not

involved in complexation, differences in the chemical behavior

of Co-blmA„ and B„ suggest an interaction of the terminal amine

of blmB with another part of the molecule (see Chapter B.3).

Such an interaction may also occur in Co-pep by which the phenyl-

ring may be shielded from external reagents, because this phenyl-

group is not very reactive for electrophilic attack.

To prevent such an interaction of the side chain, cobalt may be

omitted. However, the imidazole ring is not protected for iodina-

Table D.2. Iodinating agents, with which Co-pepleomycin was
reacted.

Iodinating agent reference

1. IC1 . 13, 18
2. I~ + Chloramine-T 12, 21
3. IC1 + Fe-powder 21
4. IC1 + FeCl 21
5. I + AgNO 22
6. 1 + HNO _ 22
7. Indirectly: Aromate-Tl(OCOCF ) + I~ 19
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Table D.3.

CHAPTER D

Structure and pK values
derivatives

R —N —C—NH 2
1 111 II

H NH

guanidine R =-H

N-me thy 1 -guanidine R = -CH3

agmatine
H H H
1 1 1

1 1 1
H H H

(1) of some

H
1
C — NH2

H

guanidine

pK = 13.6

pK = 13.4

tion in that case (see D.3.1). Chelation with another metal like

copper protects the imidazole ring as well, but also prevents

iodination of the side chain.

3.3. Coupling iodinated agents with the blmB0 terminal amine
o

The terminal amine of blmB- (agmatine) possesses two free

amino-groups at a pH of about 13 and higher in analogy with

guanidine (see Table D.3).

These amino-group might undergo reactions when the other free

amino-groups in the blm molecule are protected by copper or

cobalt complexation (see Chapter B.).

In Table D.4 the reactions of the free amines are summarized.

Because it is not fully clear whether cobalt is chelated to blm

in the same way as copper (see D.3.2) both Co-blm as well as Cu-

blm have been submitted to reaction. The reaction product has

been exchanged with radioiodine. unfortunately no radioiodine

could be detected in the blm-fractions obtained by anion-

exchange chromatography (Seph. A25) or TLC, no matter whether

Co-blmB- or Cu-blmB- was used as starting material.
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This indicates that the amino-group of the terminal amine of

blmB„ undergoes no coupling reactions; the coupling agents

themselves can be radioiodinated by exchange. Even the notorious

Bolton-Hunter reagent is not able to couple to chelated blmB..

As already discussed in section D.3.2 the terminal amine of the

blrnB- may be shielded in the Co-blm complex configuration. On

the other hand, the reactivity of the amino-group might be di-

minished by the positive charge spread evenly over the guani-

dine part. However, the reactions are also carried out by

Table D.4. Reactions on Co-blmB,

reagent expected reaction ref.

2-I-benzoylchloride

4-I-benzenesulfonic acid
chloride

NHpR

NH2R,

C — N —R
II I
O H

V S — N — R
II I
O H

23

23

N-succinimidyl 3(4-hydroxy-
phenyl)-propionate.
NSHPP or Bolton-Hunter reagent

2,3
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i addition of NaOH to guarantee an electronegative amino-group.

Unchelated blmB reacted with the Bolton-Hunter reagent yields

an iodinated blm. Possibly the primary amine of the DAP-amide is

the target for this reagent. From literature it is known (8)

j that this iodinated blm is unsatisfactory as a tumor localizing

v agent.

3.4. Reaction of Co-blm-demethylA„ with N-bromoacetyl-3-I-
aniline (BAIA)

BlmA2 can be demethylated to the thioether blm-demethylA-

(blmdA^). Umezawa and coworkers demethylated blmA„ by heating

at 100 - 140 C under reduced pressure (24). At low levels much

of blmA seems to be oxidized under those circumstances to blmA,

(7).

Another method, which does not need high temperatures, is to de-

methylate hlmh at 50 C with sodiummethylmercaptide as described

by DeRiemer et al (6) and shown in scheme D.I.

Scheme D.I. Reaction-scheme (according to ref.6) to synthesize
new bleomycins starting from blmA„.

H H H CH3-S-CH3 H H H
i i y 111

•N —C —C —C—S —CH3 • NaSCH3 •*-—* — N — C —C —C — S —CH3
I I I I I 3 3 I I I I
H H H H C H H H H H

«X-R NJLLl
I I I I I
H H H H R

new blcomyctn

Reactions with organic halides on the formed thioether yield

again the sulfonium ion, possibly with the desired chain. Only

activated bromides couple; benzylbromide e.g. does not couple.
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'\

With methyliodide blmA can be reformed (9) and this is one way
14

to introduce a C-label in blmA». Demethylated Co-blmA-/ that

is purified by CM Seph. C25 chromatography and lyophilized, is

reacted with N-bromoacetyl-3-iodoaniline (BAIA) which is

synthesized in the way described in scheme D.2. 3-l-aniline is

Scheme D.2. Reaction-scheme-describing the synthesis route of
N-bromoacetyl-3- I-aniline

• *I • NH2

H

I
• Br— C

C—Br
II
O

H

Br — C — C —

H O H

125
exchanged with I by the method described by Westera et al

(30). The BAIA formed is separated by preparative HPLC (see

Fig.D.2) and added to demethylated Co-blmA„.

The purified demethylated Co-blmA is obtained in two fractions,

probably representing Co-blmdA_ as well as Co-blmA in both

forms. Because the assignment of these chromatographic peaks

was unknown, both peaks have been analyzed on HPLC (see fig.

D.3) and have been reacted with BAIA. The assignment of HPLC

peaks (see Fig. D.3) has been made from the viewpoint that

only Co-blmdA is thought to be able to react with BAIA, while

the assignment of form I and II has been made in analogy with
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0.3

Q2

0.1

E254

, accton

8 12 16 20 8 12 16
retention volume (ml)

Fig. D.2. HPLC chromatograms of 3-I-aniline and N-bromoacetyl-
3-I-aniline (see experimental part D.5.10).

the sequence of elution of Co-blmA-, B_ etc. form I and II.

Because the peaks representing Co-blmdA -I as well as -II

decrease upon reaction with BAIA, both forms seems to be able

to react with BAIA, yielding two peaks on HPLC (fig. D.3.c),
4 ITS p P*!

which contain both JI as well as Co-RA; also a strong UV

signal at 254 nm is seen (possibly due to the anili-ie ring) .

These peaks possibly represent both forms of the desired
57„ 125T . .Co- I-blm:

57
Co

O
I!

R-C

H
I I
N — C
I I
H H

H H

C
I
H

H

I
C
I
H

H O

125,
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0.6

0.4

o:

E 254

O

8 16 24 ml

1'V.Am.Ac/ivtaoH
3/7 (v/v)

Co -*l -blm

0.2

0.1

b)

16

64 80

32 48 64
retention volume (ml)

96

Fig. D.3. HPLC chromatograms of
a) Co-blmA, ?
b) Co-blmdA
c) (preparative) I-Co-blm
d) (analytical) purified I-Co-blm

(see experimental part D.5.10)
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The main peak containing Co as well as I-RA was analysed on

HPLC and TLC. On both systems the Co- I-blm is retained and

the Co/ I ratio appear to be the same over the different

fractions of the peak or spot, indicating that one compound

contains both the Co as well as I-RA.

The tissue distribution of this compound after injection in

tumor bearing rats is given in Table D.5.

C *7 "IOC C *7

Table D.5. Distribution of Co- I-blm and of Co-blmdA
in tumor bearing rats, 4 hours after injection.
Values are expressed as lOOx the percent injected dose
per gram of (wet weight) tissue (mean + S.D.).

Organ

tumor
blood
muscle
lung
liver
kidney
thyroid
tumor/blood
tumor/muscle
tumor/lung

57„ 1 2 5
Co-

Co-label

2.9
0.6
0.4
2.0
7.5
40.2

5.4
9.1
1.6

+ 0.3
+ 0.1
+ 0.1
+ 0.4
+ 0.2
+ 1.8

+ 1.8
+ 4.2
+ 0.5

I-blm (n=3)
125I-label

6.2 + 0.5
20.1 + 1.9
1.7 + 0.5
13.1 + 1.2
18.9 + 0.4
45.9 + 2.2
15.9 + 4.1
0.3 +0.06
3.9 + 0.7
0.5 + 0.06

57Co-blmdA_ (n=2)
2.

2.5
0.6
0o2
1.2
3.9
23.6

4.0
13.9
2.2

value expressed as 100 x the percent injected dose per total
thyroid.

Summarizing a coupling of a bromide to the thioether of Co-blmA_

may be successful; at least a minor quantity of the desired

product is formed. In scheme D.3 the overall synthesis and

purification steps are summarized. The tumor/tissue ratio's

of the doubly labeled product are very low in comparison with

Co-blmA_ (with respect to the Co label; see Chapter C).
57

However,compared to Co-blmdA- the same tissue distribution

pattern is observed. Eckelman et al (7) reported also that
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Scheme D.3. Overall synthesis route and purification steps of
57-Co-125-I-blm.

57
Co-blmA2

(purified by Seph. C25)

+ NaSCH (ref.6)

purified by Seph. C25

broad peak round fraction 35
( Co-blmdA2-I and -II;
see Fig. D.4.a)

broad peak round fraction 53
( Co-blmA -I and -II (?);
see Fig. D.4.b)

N-bromoacetyl
3-I-aniline

purification of the reaction product by
a) Seph. A25 chromatography
b) preparative HPLC of the blra fractions

obtained from Seph. A25 eluate (see
Fig. D.4.c)

analysis of the doubly labeled
product by
a) HPLC, see Fig. D.4.d.
b) TLC (according to ref. 27);

R = 0.3

injection in tumor bearing rats

J:

Co-blmdA is a relatively unsuccessful tumor localazing agent.
125

The relatively high I levels in blood and in thyroid indicate

an in vivo instability of the synthesized Co- I-blm, possibly
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due to deiodination or dealkylation.

Because the synthesis of this Co-' 1-blm is a difficult one,

and the animal experiments are not encouraging, it is unlikely

that iodinated blm prepared in this way will develop into a

useful tumor localizing radiopharmaceutical.

4. DISCUSSION: OUTLINE OF THE IDEAL Co-I-BLM

The iodination methods described in this chapter are rather

simple, in order to try to develop an iodinated Co-blm, which

is accessible to normal clinical practice. Unfortunately all

the simple direct methods have been unsuccessful. A method which

yields an iodinated Co-blm is described in Chapter D.3.4.

However, the synthesis is laborious and the ultimate product is

not stable in vivo.

By this synthetic method DeRiemer et al (6) developed BLEDTA,

a blmdAg, alkylated with l-(4-bromoacetamidophenyl)-ethylene-

diaminotetraacetic acid. This powerful chelating side chain

was chelated with In. In-BLEDTA also gives no reason

for optimism (2 hrs after injection in KHJJ tumor bearing

BALB mice the tumor/blood ratio is 1.2 and the tumor/muscle

ratio 10.8). However, in patient studies 17 of 22 proven

squamous carcinomas of head and neck havu been visualized.

The idea of radioiodinated Co-blm is so attractive as outlined

in the introduction, that even the unsuccessful trials, described

in this chapter, are not able to drive this compound out of mind.

The following considerations may form the base of the ideal

Co- I-blm:

a. The terminal amine of Co-blm plays an important role in the

characterization of the tumor localizing properties of a

Co-blm (Chapter C and ref. 7). For example, a positively
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charged terminal amine like in blmA or B positively

influences the tumor binding properties compared to the

uncharged blmA. or blmdA_.

Co-pep, with the side chain 3-(1-phenylethylamino)-propyl-

amine has also excellent tumor localizing properties (see

Chapter C.3). Although direct iodination of Co-pep (see

D.3.3) has failed, the structure of Co-pep is taken as

starting point in outlining the ideal Co- I-blm, because,

of the tumor localizing properties of Co-pep and the

theoretical possibility of iodinating a phenyl ring,

b. Because pep is a semi-synthetic blm in which the side chain

is introduced (25) by a method which permits the introduction

of any desired side chain (see Scheme D.4), any desired

modification in the phenylethylamine grcup may be effected

(24).

Scheme D.4. Route of synthesis of new bleomycins (according
to ref. 24).

CH3 3

X'*S-CH, S ' B r *tH3
) I
CH, CH2

 Ctj2
O ^ C H j O ^CH2 ft CH2

0COCI
pH<6.5

0
I
c=o

NEW RNH2 NH
BLEOMYCIN '

The failure of iodination of Co-pep may be due to the fact

that the phenyl ring is only slightly activated. Activation

for electrophilic attack of this ring by introduction of
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i e.g. an electron donating hydroxy-group might facilitate

iodination.

! c. As another approach, a phenylethylamino group, already

iodinated, may be coupled to bleomycinic acid. This iodine

; may be exchanged for a radioiodine by the method of

v Westera (30).

The advantage of this approach is that the imidazole ring

of the not chelated Co-pep, which is always present (see

D.3.1) will not be iodinated by the exchange reaction and

so the formation of the not satisfactory tumor localizing

agent I-pep will be avoided. The exchange reaction, which

is a nucleophilic process, can be facilitated by introduc-

tion of an electron withdrawing substituent like an ester,

carboxy or amide-group (with the carbonyl-group attached

• to thé. phenyl ring) .

The synthesis of the ideal Co-I-blm as outlined above (see

Fig. D.4) may be accesible to the discoverer of blm (26) i.e.

Co—*»R—

H
1
N
1
H

H
1

— C
1
H

H
1

— C
1
H

H
1

— C
1
H

H
1

— N -
1
H

H
i

- C -
1

CH3

a) R1 = - O H ; R 2 - - I

b) R1 = - C O O R ; R 2 = I ƒ*I

Fig. D.4. Structure of a possible ideal I-Co-blm. I may be
introduced by a) electrophilic substitution, or
b) by exchange.
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prof. dr. H. Umezawa and coworkers, or some very rich institute,

because the scale (11) on which the reactions may be successfully

carried out is so expensive, that it exceeds the budgets of a

research group at a Dutch university drastically. An other

possible synthetic route is the biosynthetic route (10),which

requires the availability of Streptomyaes vertiaillus in culture.

5. EXPERIMENTAL PART

5.1. Preparation I-blm for H-NMR measurements

3 mg of blmA in 1 ml 0.02 M Na-citrate buffered solution (pH 7.0)
was reacted with 0.5 ml 0.035 M IC1 ( a 8-fold excess) at room
temperature for 5 minutes. The I-blm was purified using a
Seppak A cartridge (from Waters). This cartridge was eluated with
2 ml of MeOH, furthermore with 5 ml of water, after which the
reaction mixture is injected. I-blm is adsorbed at the top of
the column; the other reactants and buffer were washed out with
4 ml of water. Eventually the I-blm was eluted using 2 ml MeOH.
After evaporation of the MeOH I-blm was twice dissolved in 0.3 ml
of D-0 and lyophilized. The H-NMR spectrum was recorded on a
Bruker WM 250 spectrometer.

57
5.2. Preparation and radioiodination of Co-blm (see ref. 11)
To 0.4 mg of blm (lot 76 F 08; 1 ampoule contained 15 mg biologi-
cal activity units, which corresponds to 6-7 mg of material as
determined by weighing, UV-absorption and radiometric titration
with Co-57-Cl ) was added 0.5 mCi of a Co-57-Cl2 solution (sup-
plied by Byk Mallinckrodt CIL B.V. in 0.5 N HCl solution, specific
activity higher than 4000ci/g Co) after which the pH was adjusted
to about 6 with 0.2 N NaOH. Analysis of the reaction product was
carried out by TLC (on silicagel, eluted with 10% AmAc/MeOH 1/1
(27)).

Fully chelated Co-57-blm was prepared by adding an equivalent of
CoCl_ to the above prepared Co-57-blm. When 0.4 mg of fully
chelated Co-57-blm was reacted with a 2.5-fold excess of ICl in
1 ml of 0.02 N Na-citrate buffered solution containing 0.1 mCi of
1-125, only 1% of the 1-125 was found to be present in the blm-
spots on TLC.

125
5.3. Preparation and ahelation of I-blm
I-125-blm was prepared according to the method of Helmkamp (13).
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To 0.4 mg of blm in 1 ml of a 0.02 N Na-citrate buffered solution
containing 0.1 mCi of 1-125, a 2.5-fold excess of IC1 was added.
About 40% of the 1-125 was found to be present in the blm-spot
on TLC, which means that virtually all the blm molecules carry
an iodine atom. In a few experiments 0.5 mCi of Co-57-Cl2 was
added to 0.4 mg of I-125-blm and after 15 minutes (after pH-
adjustment to pH 6) an equivalent of carrier CoCl_. Nearly all
the Co-57 activity is found to be present as Co-57-blm. On TLC
(27) a slight difference in R -value for ï-125-blm and Co-57-blm
was found (R Co-blmA- respectively B_: 0.38 respectively 0.69;
and R I-blmA- respectively B_: 0.43 respectively 0.73). The
iodinated blms were purified for use in tissue distribution
studies by elution of 0.9% NaCl solution from a 2 ml Seph. A25
column, which column showed no retention for blm (after blm,
iodate is eluted, followed by iodine).

5.4. Iodinat-ion of Co-pep with ICl

0.12 mg of Co-57-pep, fully chelated with cobalt, was reacted
for 30 min. with 69 yCi of 1-131 with a 3-fold excess of ICl
in citrate buffer; total volume: 0.15 ml. Analysis on Seph. A25
showed that no iodinated product was formed. Addition of I?, or
Fe-powder or FeCl. to the iodination mixture did not yield such
a reactive I -species, that Co-pep was iodinated.

5.5. Iodination of Co-pep with Chloramine-T

0.12 mg of Co-57-pep was reacted with 60 yCi of 1-131 and 0.18
ymol fresh prepared Chloramine-T in 0.12 ml w&ter or with an
equivalent carrier iodide. Reaction overnight at room tempera-
ture or 1 hr at 100 C did not yield iodinated Co-pep as is
analysed by Seph. A25 (see D.5.3 and D.5.4).

5.6. Iodination of Co-pep with J?

Reacting 0.12 mg Co-57-pep with 70 yCi I -131 and an equivalent
of iodine in the presence of an equivalent AgNO_ did not yield
an iodinated Co-pep. A product, that contained a 1-125 as well
as a Co-57-label was formed when 1 mg of dry Co-57-pep was
reacted 1 week at room temperature with an equivalent of I„ in
10 yl of acetic acid, 5 yl 1-125 (for protein iodination: 6.5
mCi) and 2 yl concentrated HNO_. About 8% of the I-125-RA was
found to be present in the blm-fractions, eluted from a Seph.
A25 column.
HPLC analysis was performed on a partisil column (from Chrompack)
with 0.3% AmForm/MeOH 1/1 as the eluent. A tissue distribution
study was carried out using the crude Seph. A25 blm fraction.
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5.7. Thallation of Co-pep

The indirect iodination method of McKillop et al (19) was per-
formed as follows: To 1 mg of Co-pep was added 10 yl of aceto-
nitril or trifluoroacetic acid, 0.08 mMol of thallictrifluoro-
acetate, which had been allowed to react overnight to the
corresponding thallic di-tri-fluoroacetic acid compound.
50 nmol of KI and 70 yci of 1-125 in 25 yl of water was added the
next day allowing the thallated Co-pep to exchange the thallic
di-trifluoroacetate for an iodide.
Overall reaction:

Ar(ornate)T1(OCOCF3)2 + 2 KI — > ArTlI2 spontaneous > ^

Analysis on Seph. A25 (see D.5.1) did not show any iodinated
Co-pep.

5.8. Coupling Co-blmB_ with 2-I-benzoylchloride or 4-I-benzene-
sulfonio aoid ehloride

To 0.5 mg of Co-blmB_ in 0.5 ml of water was added 25 yl 1.1 M
NaCO- and 10 yl 0.55 M 2-I-benzoylchloride or 4-I-benzenesulfo-
nic acid chloride in MeOH or dioxane. After stirring at room
temperature for 1 hr and at 80 C overnicjht, the reaction was
stopped by neutralizing the reaction mixture with 0.15 M HC1.
After purification over Seph. A25 with 0.9% NaCl as the eluent
the blm fractions were evaporated.No ,radioiodine was found in
the blm fractions after renewed purification over Seph. A25.
The coupling reactions were also carried out using Cu-blmB-
as the starting material and with 0.1 ml of 4 N NaOH as base.
In none of these cases radioiodinated blm was formed.
Unreacted 2-I-benzoylchloride and 4-I-benzenesulfonic acid
chloride could be exchanged for 100% resp. 25% under the above
mentioned conditions.

5.9. Reaction of Co-blmB„ with the Bolton-Hunter reagent

10 yci of I-125-Bolton-Hunter reagent (2) (Radiochemical Centre
Amersham), dissolved in benzene, was brought in a small reaction
vessel. After evaporation of the benzene 10 yl of a blmB^ solu-
tion (0,4 mg) and 5 yl 0.1 M borate pH 8.5 were added. After
stirring for 20 min. in an ice bad 0.5 ml 0.25 M phosphate
buffer pH 7.0 was added, after which the reaction mixture was
analysed on Seph. A25. 36% öf the 1-125 was present in the blm
fractions. R on TLC: 0.8. In the same way 0.06 mg Co-57-blmB
was reacted with the Bolton-Hunter reagent; about 5% of the
I-125-RA was present in the blm fractions obtained by Seph. A25
chromatography. However TLC analysis showed the Co-57 and 1-125-
RA to be present in different spots: R^ Co-57-RA: 0.6; R
I-125-RA: 0.8.
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5.10. Synthesis of Co-bleomyoinio aoid» 3-aminopropyl ester,
S-Tnethyl-S-acetyl-3-iodoaniline sulfonium

Two ampoules of blmA2 (lot U 3503 A„ S) were chelated with 1.0
mCi of Co-57-Cl and an equivalent of carrier CoCl». Co-blmA_-I
as well as -II were purified by Seph. C25 chromatography. A
90 x 1.5 cm column was ëluted with a linear gradient of AmForm
(from 0.05 M to 1 M) and the eluate was collected in 6.8 ml
fractions. In fraction 74 resp. 103 the top of the peak repre-
senting Co-blmA_-I resp. -II was found.
According the method of DeRiemer et al (6) the purified (about
30 mg) Co-blmA was demethylated for 50 min. at 50°C in 10 ml
of MeOH with 1.3 mmol (a 6-fold excess) of freshly prepared
NaSCH- (prepared by adding 2 gr. of HSCH in 25 ml of ice-cold
MeOH to 1 gr. of NaOCH in 25 ml of icelcold dry MeOH; the ex-
cess of mercaptide was evaporated after standing 30 min.).
Immediately after reaction the MeOH was evaporated and the resi-
due was taken up in 0.05 M AmForm and chromatographed on Seph.
C25 as described before. Two main broad peaks were eluted round
fraction 35 and 53, probably containing both forms of Co-blmdA-
as well as Co-blmA . Analysis of this peaks on HPLC (column:
Radial Pak A; eluent 1% AmAc/MeOH 6/4) showed per Seph. C25
peak two major peaks with two minor peaks corresponding with
the other Seph. C25 peak (see Fig. D.3). Reaction of the Co-blm
representing the first eluted peak on Seph. C25 with bromo-
acetyl-3- I aniline (BAIA) yielded a doubly labeled product.
This BAIA was synthesized as follows:

5 yl of 3-I-aniline was reacted with 2.5 mCi of 1-125 (solute
evaporated) in about 50 mg of acetamide for 8 min. at 180 C in
an ampoule under vacuum (30). Analysis on HPLC (column: Radial
Pak A; eluent 0.3% AmForm/MeOH 35/65) showed that more than 90%
of the 1-125 has been exchanged. The 3-1 -aniline was acetylated
in 1 ml of aceton at room temperature with 50 yl of brgmoacetyl-
bromide, yielding immediately the desired bromoacetyl- 1-aniline,
which was purified by preparative HPLC using the systems as
described above (see Fig. D.2)(retention volume 3-I-aniline
respectively BAIA: 8ml respectively 12 ml). The structure of
BAIA was confirmed by mass spectrometry analysis (m/e 339; a
major fragment at m/e 219 (3-iodo-aniline) was found) and
H-l-NMR (CD CN, 6 3.94 (2H, singlet) 6 7.01-8.05 (4H, multiplet)
and 6 +_ 8.65 (N-H)) .

An excess of bromo-acetyl-3-I-125-aniline dissolved in the HPLC
elution liquid, was added to the lyophilized Co-blmdA and reac-
ted overnight at 37°C. Thereafter the reaction mixture was
first purified by Seph. A25 chromatography (a 2 ml column,
eluted with 0.9% NaCl) from which the first fractions contained
the blms. Those blm-fractions were separated by preparative
HPLC using a Radial Pak A column and as eluent 1% AmAc/MeOH 6/4,
wtuch eluent ratio was changed to 3/7 after elution of the un-
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reacted Co-blmdA arid Co-blmA (this is after 60 ml) ; with
another 16 ml eluent a product could be eluted containing both
Co-57 and 1-125 and a strong UV-signal.

•The blm thus purified was analysed on HPLC (column: Radial Pak A;
eluent AmAc/MeOH 3/7; retention volume: 13.6 ml; see Fig D.4.d)
and on TLC (silica eluted with 10% AmAc/MeOH 1/1; R : 0.3).
A tissue distribution study with Co-57-I-125-blm and Co-57-blmdA2
was carried out as described in detail in Chapter C. Injected:
about 0.025 mg Co-57-l-125-blm (1.5 x 10 cpm Co-57 and 0.6 x 10
cpm 1-125) and about 0.025 mg Co-57-blmdA2 (1.7 x 10 cpm).

6. REFERENCES

1. Angyal, S.J., Warburton, W.K., The basic strengths of
methylated guanidines, J.Chem.Soc. (1951), 2492-2494

2. Bol ton, A.E>-, Hunter, W.M., The labelling of proteins to
high specific radioactivities by conjugation to a 1-125
containing acylating agent, Biochem.J., 133, 529-538 (1973)

3. Bolton, A.E., Radioiodination techniques, Ed. as review
no. 18 by the Radiochemical Centre, Amersham England, (1977)

4. Chen, D.M., Hawkins, B.L., Glickson, J.D., Propton nuclear
magnetic resonance study of bleomycin in aqeous solution.
Assignment of resonances, Biochemistry 16, 2731-2738 (1977)

5. DeNardo, G.L., DeNardo, S.J., Meyers, J., Krohn. K.A., Tumor
localization in animals and patients using radioiodinated
bleomycin, J.Nucl.Med. 16, 524 (1975)

6. DeRiemer, L.H., Meares, C.F., Goodwin, D.A., Diamanti, C.I.,
BLEDTA: tumor localization by a bleomycin analogue containing
a metal-chelating group, J.Med.Chem. 22, 1019-1023 (1979)

7. Eckelman, W.C., Rzeszotarski, W.J., Siegel, B.A., Kubota, H.,
Chelliah, M.,Stevenson, J., Reba, R. C , Chemical and biolo-
gical properties of isolated radiolabeled bleomycin prepara-
tions, J.Nucl.Med. 16, 1033-1037 (1975)

8. Eckelman, W.C., Kubota, H., Siegel, B.A., Komai, T.,
Rzeszotarski, W.J., Reba, J.C., Iodinated bleomycin: an
unsatisfactory radiopharmaceutical for tumor localization,
J.Nucl.Med. 17, 385-388 (1976)

9. Fujii, A., Takita, T., Maeda, K., Umezawa, H., Chemistry of
bleomycin XI. The structure of the terminal amines, J.Anti-
biot. 26, 398-399 (1973)

10. Fujii, A.r Takita, T., Shimida, N., Umezawa, H., Biosynthesis
of new bleomycins, j.Antibiot. 27, 73-77 (1974)

11. Fujii, A., Preparation of bleomycinic acid from bleomycin A_
in: Bleomycin, chemical, biochemical and biological aspects,
ed. by S.M. Hecht, Springer Verlag, New York (1979) p. 343



CHAPTER D

12. Greenwood, F.C., Hunter, W.M., Glover, J.S., The preparation
of 1-131-labelled human growth hormone of high specific
radioactivity, Biochem.J. 89, 114-123 (1963)

13. Helmpkamp,R.W., Contreras, M.A,, Bale, W.F., 1-131-labeling
of proteins by the iodine monochloride method. Int.J.Appl.
Rad. Isotop. 18, 737-746 (1967)

14.. ICRP publication 2: permissible dose for internal radiation
Perganon Press, Oxford (1959)

15. Krohn, K.A., Meyers, J., DeNardo, G.L., Comparison of I-bleo-
mycin prepared by two methods: stability and pharmacokinetics
in tumor-bearing mice, Radiology 122, 179-182 (1977)

16. Krohn, K.A., Freauff, S.J., Site of iodination of bleomycin,
J.Labelled Comp.Radiopharm. 16, 42-43 (1979)

17. Lagunas-Solar, M.C., Jungerman, J.A., Cyclotron production
of carrier-free cobalt-55, a new positron-emitting label for
bleomycin, Int.J.Appl.Rad.Isotop. 30, 25-32 (1979)

18. McFarlane, A.S., Efficient trace labelling of proteins with
iodine, Nature 182, 53 (1958)

19. McKillop, A., Fowler, J.S., Zelesko, M.J., Hunt, J.D., Thal-
lium in organic synthesis. X. A one-step synthesis of aryl
iodides. Tetrah. Letters 29, 2427-2430 (1969)

20. Meyers, J., Krohn, K.A., DeNardo, G.L., Preparation and
chemical characterization of radioiodinated bleomycin,
J.Nucl.Med. 16, 835-838 (1975)

21. Organikum: Organisch-chemisches Grundpraktikum von einem
autorenkollektiv, VEB Deutscher Verlag der Wissenschaften,
Berlin (1965), p. 296-299

22. Roedig, A., Herstellung von Jodverbindungen, in: Methoden der
Organischen Chemie, Vol. 5/4, ed. by Houben, J., Weyl, Th.,
G.Thieme Verlag, Stuttgart (1960) p.557

23. Schicky, J., in: The chemistry of the amino group, ed. by
Patai, S., Interscience Publishers, London (1968)

24. Takita, T., Fujii, A., Fukuoka, T., Umezawa, H., Chemical
cleavage of bleomycin to bleomycinic acid and synthesis of
new bleomycins, j.Antibiot. 26, 252-254 (1973)

25. Tanaka, W., Takita, T., Pepleomycin, the second generation
bleomycin chemically derived from bleomycin A~, Heterocycles
13, 469-476 (1979)

26. Umezawa, H., Maeda, K., Takeichi, T., Okami, Y., New
Antibiotics, Bleomycin A and B, J.Antibiot.A. 19, 200-209
(1966)

27. umezawa, H., Suhura, Y., Takita, T., Maeda, K., Purification
of bleomycins, J.Antibiot.A. 19, 210-215 (1966)

28. Van de Poll, M.A.P.C., Versluis, A., Rasker, J.J., Jurjens,
H., Woldring, M.G., Labelling of bleomycin with cobalt-57
indium-Ill, technetium-99m, mercury-197, lead-203 and
copper-67, Nucl.Med. 15, 86-90 (1976)

29. Westera, G., Personal communication



MDIOIODINATION 127

30. Westera, G., van Gijlswijk, H.J.M., Radioxodination of
aromatic compounds with I-123 and 1-131 by exchange.
J.Labelled Comp.Radiopharm. 16, 174 (1979)



Fe(II)-BLEOMYCIN 129

APPENDIX 1

DIFFERENT IRON(II) COMPLEXES OF BLEOMYCIN Ag

(published with G. Westera and D. Schipper in J.Inorg.Biochem.
(in press); submitted march 1981)

1. Abstract

By C NMR on Iron-bleomycin (Fe-blm) preparations, an Fe-blm-

CO complex is found, which loses its CO upon standing, as is
14

demonstrated using CO. Fe-blm, prepared without rigorous

exclusion of oxygen reacts with CO to a stable diamagnetic

Fe-blm-CO complex.

2. Introduction

The structure of the metal-blm complexes has recently been

studied intensively (5). Primarily, studies are devoted to the

structure of the Fe-blm complex, which is thought to be res-

ponsible for the chemotherapeutic action of the antitumor
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antibiotic blm (11).

Oppenheimer et al (9) indicated for Pe(II) 5 ligands in blm from

H NMR on the diamagnetic CO complex of Fe(II)-blm. They indicated

the primary and secondary amide of the diaminopropanoic (DAP)

amide, the pyrimidine- and the imidazole-nitrogens as planar

ligands. These ligands are also indicated in the complex of

cobalt with blm (Chapter B.2). Recently Dabrowiak et al (4)

published the C NMR spectra of the Fe(II)- and Fe(III)-blm

complexes; the Fe(II) in the Fe(II)-blm was found to be para-

magnetic with the effect that 41 of the 55 signals were broadened

or had fully disappeared, which observations established the

region of iron binding for blm. Pillai et al (10) suggested the

valeric acid hydroxyl (carbonyl) as well as ligand for Fe(II)

from saturation transfer experiments.

This paper also deals with the structure of Fe(II)-blm using

H- and C NMR; CO is used to study the stability of the Fe-blm-

CO complex. The results presented in this paper suggest the

existence of different Fe(II)-blm complexes depending on the

way in which Fe(II)-blm was prepared.

3. Material and methods

Chemicals

Bleomycin A_ was obtained from Lundbeck (Lot U 3503 A 2 S ) .
Fe(II)-blm and Fe(II)-blm-CO have been prepared by two methods.
Method 1 (According to (9)): A NMR tube, containing blm (quan-
tity measured by UV) was closed by a septum and evacuated, after
which 0.95 equivalent of FeCl», NaOH and Na.S O was added. To
prepare Fe(II)-blm-CO the tube was flushed with CO via the septum
until the color of the solution was bright yellow.
Method II In a home-built glass apparatus (see Fig.l) using a
home-built high-vacuum system (described in (12)) the solutions
of blm and FeCl? were separately degassed (by three times free-
zing and thawing in vacuum), after which they were brought to-
gether. The additional NaOH and Na2S2O was brought in via a
teflon septum (closed with the S.V.L. system from Sovirel) and
degassed three times before they were mixed with the Fe(II)-blm
solution. The Fe-blm-CO complex was prepared by pumping CO above
the Fe-blm solution with a Toeppler pump. CO was added to about
0.5 kg:cm . At last the NMR tube containing the Fe(II)blm com-
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y plex was sealed off.

NMR-spectra

H NMR spectra were recorded on a Bruker WM 250 spectrometer.
Spectral widths were 10 ppm (in the case of diamagnetic pre-
paration) or 100 ppm (in the case of paramagnetic preparations)
to cover all the resonances. The C NMR spectra were recorded
on a Bruker WH 90 NMR spectrometer as described before (Chapter
B.2) . For internal calibration the chemical shift of the C-52
atom (insensitive for shifts due to complexation) at 25.6 ppm
was used.

14
Fe(II)-blm- CO sampling and counting

14
Fe(II)-blmT CO was prepared by method II. The specific activi-
ty of the CO used was 100 mCi/mol. The Fe-blm- CO was measured
by taking two 0.025 ml samples (via a syringe through a septum).
These samples were immediately injected in a counting vial,
totally filled with a degassed liquid scintillation mixture
(Lumagel from Baker) after which the vial was closed and homoge-
nized. No loss of radioactivity occurred upon standing. The
counting efficiency was 90%. A correction for the solubility
of CO in water was made by measuring samples, taken fron* another
compartment of the glass-apparatus used above, only containing
water.

NMR TUBE

WITH BLM

Fig. 1. Glass-apparatus by which oxygen free Fe-blm samples
were prepared
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• \ 4. Results

Properties of Fe(II)-blm prepared by method I

The H NMR spectrum of this Fe-blm is the same as published by

Pillai et al (10) and Oppenheimer et al (9)- Upon addition of CO

the paramagnetic peaks became smaller, resulting in a diamagnetic

H NMR spectrum. After removal of the septum of the NMR tube

the bright yellow color of the Fe(II)-blm-CO complex turned to

brown. The C NMR spectrum of Fe(II)-blm resembled the spectrum

of Fe(II)-blm prepared by method II, as will be discussed below.

The C NMR spectrum of Fe(II)-blm-CO is given in Figure 2c.

Only those resonances have been assigned (according to (8)),

whose did not change upon complexation.

Properties of Fe(Il)-blm prepared by method II

The H NMR spectrum of thxs Fe(II)-blm resembled that of Fe(II)-

blm prepared by method I. Addition of CO to this Fe-blm did not

change the H NMR spectrum. Only a minor change in color from

orange to yellow-orange was noticed. Upon standing in contact

with air the color changed overnight in the brown color of Fe(III)-

blm. The C NMR spectrum of the Fe(II)-blm (given in Fig. 2b)
1) 14

did not change upon addition of CO . Using CO the behavior of

the CO in this complex was monitored. The results of the ana-
14

lysis of the Fe(II)-blm- CO complex are given in Table 1: the

initially bonded CO leaves the Fe-blm complex within six hours.

1) 13
The C NMR spectrum of Fe(II)-blm, published by Dabrowiak et
al (4), shows less peaks, possibly due to the paramagnetic
influence of an excess of iron. An excess of iron might
easily have been added if the amount of blm was determined
by weight, because blm is strongly hygroscopic (1) (14.5%
mass increase within 5 min. at a relative humidity of 20%).
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(C)

200 150 100

Chemical shift (ppm) •*

Fig.2. C NMR spectra. The numbers mentioned correspond to the
C-atoms of blm, as is mentioned in the fig. at the back-
cover, (a) C NMR spectrum of 0.14 M solution,.of blmA_;
resonances are assigned according to (8). (b) C NMR
spectrum of a 0.14 M solution of blmA-, af,ter: addition
of 0.95 equivalent of FeCl —--«-'-«
pared by method II (see Ma
NMR spectrum of a 0.08 M solution of blmA„ after addition
of 0.95 equivalent of FeCl„ and excess CO, according to
Oppenheimer et al (9).

and 0.5 kg/cm of CO, pre-
terial and methods). (c) C
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5. Discussion

Upon comparison of the properties of both Fe-blm preparations one

important difference is observed: the behavior of CO in both com-
13

plexes is remarkably different which is evident from the C NMR
1
j spectra as well as from the loss of CO from the Fe-blm-CO complex,

prepared by method II.
' 13

The C NMR spectrum of Fe-blm-CO prepared by the Oppenheimer

' method (see Fig. 2c) is clearly diamagnetic: the signals are

hardly broadened and about 50 signals are present. The particular

assignment of the signals is impossible on the basis of the data

presented. However, some general remarks can be made:

- the chemical shifts of the signals assigned to the terminal

amine C atoms did not change upon complexation.

- Minor changes in chemical shift occur in some C-atoms of the

valeric acid and bithiazole residues. Although the assignment

a)
Table 1. The stability of the Fe-blm-CO complex , prepared

by method II (see Material and methods)

time after ,. . A .
b) 14 c)

preparation (in hr) dpm/25 yl sample % Fe-blm- CO

0.5 3042 18.7
1 2339 14.5
3 1170 7.3
6 224 1.4
24 104 0.6

preparation: To 1 ml of 2.9 ymol Fe(II)-blmA (prepared in a
high vacuum system) 0.198 mmol CO (s.a. 100 mCi/mol) was
added. Two 25 yl samples were taken at the times indicated
from the Fe-blm solution as well as from the compartment only
containing wacer, which enabled to correct for the solubility
.of CO in water.
The means of 2 samples corrected for the solubility of CO in
.water (about 1350 dpm/25 yl)
Percentage of all the Fe-blm present.
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of the imidazole C atoms can not be done unequivocally,

the chemical shifts of these C atoms hardly seem to change.

- The chemical shifts of the C atoms of the DAP-amide and

pyrimidine region are considerably affected by iron com-

plexation .

- Nearly all the signals due to the C atoms of the sugar

moiety have shifted in comparison with free blm.

Fe-blm-CO prepared by method II shows a rapid loss of CO

(see Table 1) resulting in an obviously paramagnetic Fe-blm

complex. Most of the C NMR signals were broadened or had

disappeared (see Fig.2b). The addition of CO did not influence
13

the C NMR spectrum noticeably. Some general remarks on the

spectrum given in Fig. 2b can be made:

- The signals due to the terminal amine are not affected by

iron complexation.

- The chemical shifts of the C atoms assigned to the bithia-

zole, valeric acid, and sugar moieties are hardly affected

by iron complexation (besides some broadening) neither in

intensity, nor in position.

- The signals due to the imidazole C atoms are quite broade-

ned and the signals due to the DAP-amide and pyrimidine ring

have disappeared.

In conclusion the complexation centre of both Fe-blm complexes

is located in the region of the DAP-amide and the pyrimidine

ring; upon iron complexation the signals due to these C atoms

shift considerably in the diamagnetic Fe-blm-CO complex or

disappear in the paramagnetic Fe-blm complex. However the

minor changes in chemical shift of the C atoms of the sugar-

and of the valeric acid-moieties in the Fe-blm-CO according

Oppenheimer (method I) indicate a different stereochemistry

as compared with free blm and also compared with Fe-blm pre-
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pared by method II.

Possible reasons of the formation of the different complexes

The methods of preparation of Fe(II)-blm described in the Material

and methods differed in two respects:
2

- A difference in CO pressure (1 against 0.5 kg/cm ); however

both pressures represent an excess of CO and CO binds initial-

ly to Fe-blm prepared according method II.

- Exclusion of oxygen by working in an all glass vacuum system

differs from working with a septum sealed apparatus in that the

former preparation contains less oxygen. We assume a catalytic

amount of oxygen, present in Fe-blm prepared according to

method I, which is responsible for the formation of the dif-

ferent complexes. The different iron complexes are summarized

in the next scheme:

Fe(II)-blm Fe(III)-blm

Fe(III)-blm

method I

~ oatdlytio

(Fe(II)-blm)
(A) \
excess CO

method II

(Fe(II)-blm) '
(B, ref.2)

Fe(II)-blm-C0

(Dt ref.9)

Fe(III)-blm-02

O slow

Fe(II)-blm-CO

CO

-> (Fe(II)-blm)"
(C3 this work)

While the chemical properties of these complexes differ from each
1 13

other, the H NMR and C NMR spectra for the paramagnetic Fe(II)-
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blm prepared by two methods (complex(A), (B) and (C)) show

hardly any difference, indicating that the same ligands must

be active in these complexes. Because of the paramagnetic

character of the Fe-blm complexes only a complexation region

can be indicated. A difference in numbers of internal ligands

can not be noticed. Perhaps complex (A) is a weak complex with

4 or 5 internal ligands. Although Gupta et al (6) have measured

only fast relaxation rates, their conclusion that only the

pyrimidine and DAP-amide are ligands for iron, may be con-

firmatory for a weak complex as (A). However the carbonyls

could not be noticed by their method. Burger et al (2) in-

dicate an intermediate in the oxidation of Fe(II)-blm, which

may be complex (B).

As is demonstrated by Oppenheimer and is confirmed in this paper

the oxygen analogon CO is capable to act as an external li-

gand for Fe-blm as the sixth ligand, forming complex (D).

If CO is reacted directly with (A), a Fe(II)-blm-CO is rapidly

formed which slowly loses this CO to yield a Fe(II)-blm

(complex (C)), which should have another stereochemistry than

(A), because it does not react with CO any more and because it

reacts much slower with oxygen. For the same reason complex (D)

should be different from (B). Different coordination arrange-

ments in the Fe(II)-blm-CO complex using the same ligands are

possible as is demonstrated recently by Grippen et al (3).

As a matter of fact recently evidence is given for the existence

of two different Fe(III)-blm complexes (7), resp. active and

inactive in breaking DNA.
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SUMMARY

In nuclear medicine exists a strong interest for tumor-localizing

agents, labeled with a gamma-emitting radionuclide, and suitable

for detection with the common gamma-camera.

The antitumor antibiotics bleomycins labeled with cobalt

(y-energy 122 keV; halflife 267 days) are known to possess

excellent tumor localizing properties. Because of the rather long

halflife of cobalt prevents the use of cobalt-bleomycin in cli-

nical routine, it is desirable to label cobalt-bleomycin with a
123

more suitable radionuclide, e.g. jodium (y-energy 158 keV;

halflife 13 hour). However, due to the production- and detection-
55

possibilities of the positron emitting cobalt (halflife 18 hour),

further studies on cobalt-bleomycin are justified in all respects.

It appears from the studies on the structure of cobalt-bleornycin

described in this thesis (Chapter B ) , that cobalt is able to form

different complexes with bleomycin (the forms I and II), which

complexes are able to transite in each other. Moreover, form II

appears to be able to form a third complex with formate as exter-

nal ligand. These three complexes may be separated from each other,

analytically as well as preparatively, by high performance liquid

chromatography. C nuclear magnetic resonance (NMR) was used to

get a deeper understanding in the structure of cobalt-bleomycin.

It may be plausible from the changes in chemical shifts, compared

to the non-chelated bleomycin, that the primary and secondary

amino-groups of the diaminopropanoic amide, the pyrimidine ring,

the imidazole ring as well as the amide of the propanoic amide

substituent on pyrimidine occur as J.igands to cobalt. This C NMR

study also indicates the existence of a "dimer" between cobalt-

bleomycin A~ and bleomycin A„.

However, the differences between both forms of the cobalt-bleomycin

complex are not yet fully clear; these differences must have some-



140 SUMMARY

thing to do with the ligand arrangement round cobalt.

Although the difference in structure is not cleare the biological
57

behavior of both forms may be studied (Chapter C ) . If cobalt-

bleomycin is injected with 0.1 mg not radioactive cobalt-bleo-

mycin, form I is accumulated more than form II in tumor tissue

of tumor bearing rats. Distinct from cobalt-bleomycin B ? and

cobalt-pepleomycin, these differences are not found in cobalt-

bleomycin A_.

Independently of the cobalt-bleomycin form injected, the analysis

of free cobalt-bleomycin extracted from tumors, shows the cobalt-

bleomycin to be present exclusively in the form I configuration.

Experiments with a tissue culture of Rhabdomyosarcoma cells more

obviously show the differences in tumor-uptake between form I and

form II (in this case also for cobalt-bleomycin A ) . Moreover, the

addition of transferrin to the growth medium seems to enhance the

uptake of cobalt-bleomycin B form I. Analysis of trypsin treated

cells (pieces of cell membrane are broken down) suggests form II

not to be able to pass the cell membrane. The cobalt, present

in the cell after incubation with cobalt-bleoroycin form II, ought

to represent form I, which is present as impurity of form II, and

moreover is biotransformed from form II.

In Chapter D the iodination of cobalt-bleomycin is described.

Iodination of free bleomycin yields a product with bad tumor

localizing properties, and straight-on iodination of cobalt-bleo-

mycin is prevented by the presence of cobalt. To retain the good

tumor-localizing properties of cobalt-bleomycin, possibilities

were explored to incorporate the iodine in the terminal amine

(a side chain, not involved in complexation). First it was tried

to iodinate the phenyl group in the terminal amine of pepleomycin

directly. This was not successful, as were the reactions of iodi-

nated conjugation products on the free amino-group in the terminal
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amine of bleomycin Bo. Alkylation of cobalt-bleomycin demethyl A

with N-bromoacetyl-3- iodoaniline yielded a-product; unfortunately

this product possessed bad tumor localizing properties and more-

over, was not stable in vivo.

Theoretically spoken, iodination of a modified pepleomycin is

possible. In practice however only for research centres, which are

able to pay sufficient starting material.

13
The experience with C NMR has also been used in studying the

structure of the chemotherapeutical active bleomycin, i.e. the

iron-bleomycin complex (appendix 1). The chemical groups, which

occur as ligands to cobalt, also occur as ligands to iron.

It appeared from the synthesis of the diamagnetical (and there-

fore accessible with C NMR) iron-bleomycinA^-carbonmonoxide

complex, that dependently of the route of synthesis two different

iron(II)complexes were formed.
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SAMENVATTING

In de nucleaire geneeskunde bestaat belangstelling voor een tumor-

lokaliserend agens, dat gemerkt is met een gamma emitterend radio-

nuclide, geschikt voor de detektie met een normale gammakamera.
57

Van de antitumor antibiotica bleomycines, gelabeld met cobalt

(Y-energie 122 keV; half waardetijd 267 dagen) is reeds sinds 1972

bekend, dat deze metaal complexen goede tumor lokaliserende eigen-
57

schappen bezitten. Omdat de nogal lange half waardetijd van cobalt
57

het routinematig gebruik van cobalt-bleomycine niet toestaat,

lijkt het wenselijk cobalt-bleomycine te labelen met een meer ge-
123

schikt radionuclide, b.v. jodium (y-energie 158 keV; halfwaar-

detijd 13 uur). Echter mede gezien de produktie en detektie-moge-

lijkheden van de positronemitter cobalt (half waardetijd 18 uur)

zijn verdere studies naar cobalt-bleomycine alleszins verantwoord

Uit de in dit proefschrift beschreven studie naar de struktuur

van cobalt-bleomycine (hoofdstuk B) blijkt, dat cobalt in staat is

om met bleomycine twee verschillende complexen te vormen (de zgn.

vormen I en II), welke complexen reversibel in elkaar kunnen over-

gaan. Bovendien blijkt dat vorm II in staat is om met een extern

ligand als formiaat een derde complex te vormen. Met behulp van

hoge prestatie vloeistof chromatografie kunnen deze drie complexen

zowel analytisch als ook preparatief van elkaar gescheiden worden.

C kernspin resonantie is gebruikt om meer inzicht in de struktuur

van cobalt-bleomycine te verkrijgen. Uit de veranderingen in

chemische verschuivingen vergeleken met ongechelateerd bleomycine

kan aannemelijk gemaakt worden dat de primaire en secondaire amino-

groep van de diaminopropionzure amide, de pyrimidine ring en de

imidazool ring, als ook de amide van de propionzure amide substi-

tuent aan pyrimidine, als liganden naar cobalt optreden. Ook is

uit deze C-NMR studie het bestaan van een "dimeer", gevormd door
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cobalt-bleomycine A_ en blèomycine A aangetoond. Echter, van

de verschillen tussen beide vormen van het cobaltrbleonycine

complex kan op dit moment niet meer gezegd worden, dan dat deze

verschillen te maken moeten hebben met de ligand omringing

rond cobalt.

Ondanks het niet duidelijk zijn van deze struktuurverschillen,

kan het biologisch gedrag van beide vormen bestudeerd worden

(hoofdstuk C ) . In tumor dragende ratten hoopt vorm I zich meer

in de tumor op dan vorm II, tenminste wanneer met het cobalt-

bleomycine ook 0.1 mg niet radioaktief drager cobalt-bleomycine

gelnjekteerd wordt. In tegenstelling tot cobalt-bleomycine B

en cobalt-pepleomycine worden deze verschillen niet gevonden

voor cobalt-bleomycine A .

Onafhankelijk van de vorm van het geïnjekteerde cobalt-bleomycine

blijkt uit analyse van het vrije cobalt-bleomycine, zoals dit

uit tumoren geëxtraheerd wordt, dat dit cobalt-bleomycine uit-

sluitend in de vorm I configuratie gevonden wordt.

Experimenten met een weefselkweek Rhabdomyosarcomacellen tonen

de opname verschillen voor vorm I en II (en nu ook voor cobalt-

bleomycine A„) nog duidelijker aan. De opname van cobalt-

bleomycine B„ vorm I schijnt tevens bevorderd te worden door

de toevoeging van transferrine aan het medium.Analyse van met

trypsine behandelde cellen (stukjes celwand worden afgebroken)

doet suggereren dat vorm II niet in staat is het celmembraan
57

te passeren. Het cobalt, dat in de cel aanwezig is na inku-

batie met cobalt-bleomycine vorm II, moet dan vorm I vertegen-

woordigen, dat als verontreiniging van vorm II aanwezig is en

bovendien via biotransformatie uit vorm II gevormd wordt.

In hoofdstuk D is de jodering van cobalt-bleomycine beschreven.

Jodering van ongechelateerd blèomycine levert een produkt op

met slechte tumorlokaliserende eigenschappen en rechtstreekse
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jodering van cobalt-bleomycine wordt dóór de aanwezigheid van het

cobalt voorkomen. Om de goede tumorlokaliserende eigenschappen

van cobalt-bleomycine te behouden is gezocht naar mogelijkheden

om jodium in de terminale amine (een zijgroep, niet betrokken bij

de complexering) in te bouwen. In eerste instantie is geprobeerd

de fenylgroep in de terminale amine van pepleomycine rechtstreeks

te joderen. Dit is niet gelukt, evenals reakties met gejodeerde

koppelingsprodukten op de vrije amino-groep in de terminale amine

van bleomycine B». Alkylering van cobalt-bleomycine-demethylA^

met N-broomacetyl-3- joodaniline levert welliswaar een produkt

op, maar dit produkt bezit echter slechte tumorlokaliserende

eigenschappen en is bovendien niet stabiel in vivo.

Jodering van een gemodificeerd pepleomycine is theoretisch moge-

lijk; in de praktijk echter alleen voor researchcentra met vol-

doende financiële middelen om voldoende uitgangsstof te kunnen

bekostigen.

13
Gebruikmakend van de ervaringen opgedaan met C-NMR, is een studie

opgezet naar de struktuur van het chemotherapeutisch aktieve

bleomycine complex, nl. het ijzer-bleomycine complex (appendix 1).

De groepen, die optreden als ligand naar cobalt, treden ook op

als ligand naar ijzer. Uit de synthese van het diamagnetische
13

(en dus met C-NMR toegankelijke) ijzer-bleomycineA -koolmonoxide

complex blijkt, dat afhankelijk van de synthese methode, twee

verschillende ijzer(II)complexen gevormd worden.
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LIST OF ABBREVIATIONS

BLEOMYCINS
blm
blmdA
Co-blmA -I or -II
x% Co-bim

I-blm
Me-blm
pep

(BIO)CHEMICALS
AmAc
AmForm
BAIA
Co(II) or Co(III)
DAP-amide
DNA
EBSS
EDTA
FCS
Fe(II) or Fe(III)
I

MEM
MeOH

INSTRUMENTATION
ESR
HPLC
LC
NMR
TLC
Seph. A25
Seph. C25
UV

RADIOACTIVITY UNITS
Ci
cpm

cf
cr
dpm
RA

bleomycin
bleomycin-demethyl-A
cobalt-bleomycinA^ form I or II
the result of the addition of x% cobalt
to blm
iodinated bleomycin
metal-bleomycin complex
pepleomycin

ammonium acetate
ammonium formate
N-bromgacetyl-3-iodoaniline
cobalt or cobalt
diaminopropanoic amide
deoxyribonucleic acid
Earles balanced salt solution
ethylënediaminotetraacetic acid
foetal calf serum

iron" or iron
radioiodine
minimum essential medium
methanol

electron spin resonance
high performance liquid chromatography
liquid chromatography
nuclear magnetic resonance
thin layer chromatography
DEAE Sephadex A25
CM Sephadex C25
ultraviolet

10
Curie (= 3.7 x 10 Bequerel (Bq))
counts per minute (observed desintegra-
tions)
carrier-free
carrier
desintegrations per minute (= 60 Bq)
radioactivitv
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STELLINGEN

1. De argumenten, die Stern et al. aanvoeren om het ruthenium-
bleomycine complex te propageren als geschikt gamma gelabeld
bleomycine model ter bestudering van de farmacokinetische
en chemotherapeutische eigenschappen van bleomycine zelf,
zijn niet overtuigend.

(P.H. Stern et al., J. Nat. Cancer Inst. 66, 807-
811 (1981))

2. Het radiofarmacon thallium-201 wordt ten onrechte gekarak-
teriseerd als "kalium-analogon".

3. Jodering met inaktief jodium van het cerebrale "blood flow
scanning agens" (C-ll)-antipyrine lijkt overbodig.

(J.A. Campbell et al., J. Nucl. Med. 22, 538-541
(1981))

4. De "case-studies", die neoblastine als wondermiddel tegen
kanker beschrijven mogen eindelijk wel eens een vervolg
vinden in statistisch verantwoord bewijsmateriaal, verkre-
gen uit een uitgebreid en systematisch onderzoek.

(G.H. van Leeuwen, NeobUstine (1959 en 1977);
uitgave Enzypharm, Soest)

5. De door Matthies et al. gesynthetiseerde verbindingen worden
ton onrechte met de benaming u-acyloxy-N-acylglycine-deri-
vaten aangeduid.

(D. Matthies et al., Aich. Pharm. 314, 209-217 (1981))

6. Bij de diagnostiek in de cardiologie is het een illusie te
menen, dat het aantal invasieve onderzoeken zal afnemen
met het ter beschikking komen van non-invasieve onderzoeks-
technieken.

7. Wanneer cyclo(alanyl-L-glycyl) voor 50 SF/gram aangeboden
wordt, behoort cyclo(L-glycyl-alanyl) niet verkocht te
v/orden voor 70 SF/gram.

(Bachem Katalog S 5 1980/81)

8. De wetenschappelijke groep van het RadioNucliden Centrum
van de Vrije Universiteit te Amsterdam behoort te worden
uitgebreid.



. 9. In de voorlichting over aan te bevelen voorzorgen bij de
chemische bestrijding van ongedierte (bijv. kakkerlakken)
in woonhuizen, dienen met name zwangere vrouwen en jonge
kinderen als bijzondere riscogroepen behandeld te worden.

10. Het Nederlandse spreekwoord "Van uitstel komt afstel"
dient ook op te gaan met betrekking tot de beslissing

V kruisraketten in Nederland te stationeren.
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