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ABSTRACT
The bleomycins are a group of antibiotics produced by Streptomyces ver-
ticillus and their therapeutic effect against the squamous cell carcinoma has
been proved by clinical studies. In our laboratory, eight products, viz. bleo-
mycin A, demethyl-A,, A;-a, A,-b, B,, A, and B, have been isolated in the
pure state. Structures of the various bleomycins have been elucidated and it
has been observed that they differ from each other in the amine moiety. The
addition of an amine, especially diamines and triamines, during fermentation,
induced the production of the bleomycin containing the amine added and
suppressed the production of other bleomycins. Thus, 42 artificial bleomycins
were synthesized and their biological activities studied. The selective effect
against squamous cell carcinoma and the mechanism of the selective activity
that was shown by an enzymatic inactivation will be discussed. A partial
purification of the inactivating enzyme has been achieved.

In the study started from phleomycin':2, we found a group of antibiotics
which were produced by Streptomyces verticillus and were difterentiated from
phleomycin by paper chromatography and stability in aqueous solution.
Phleomycin caused irreversible renal damage but this antibiotic did not,
and we named this antibiotic bleomycin® *. Bleomycin has been confirmed
to be effective against squamous cell carcinoma and it is used for treatment
of this type of human cancer. Bleomycins which are obtained from the
culture filtrate by cation exchange resin process, carbon chromatography
and alumina chromatography are in their copper-chelated forms. Both the
copper-chelated and the copper-free bleomycins are equally active and
copper-free bleomycin mixture is used clinically. In the second paper, we
reported bleomycins A,, A,, A;, Ay, As, Ag, By, By, B;, B, and B,. Later, we
found demethyl-A,, A%-a, AL-b, B} and Bg. These bleomycins were separated
by CM-Sephadex C-25 column chromatography raising the concentration
of ammonium formate from 0.05M to 1.0M. An example of the chromato-
graphy is shown in Figure 1. All bleomycins have the maximum at 292 mp
and the absorption of the eluate at this wavelength was determined.

A, and demethyl-A, which appeared in peaks I and II respectively were
separated by column chromatography of Dowex 50 resin treated with 0.2m
pyridine acetate buffer at pH 4.4. The elution was carried out by raising the
pH of the same buffer from pH 4.4 to 5.5. The separation of A,-a and A)-b,
both of which appeared in the peak V, was accomplished by repetition of
CM-Sephadex C-25 chromatography, raising the concentration of
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Figure 1. CM-sephadex C-25 chromatography. I: A, II: Demethyl-A, III: B IV: A, V: Aj-a
and A}-b VI: B, VII: A5 VIII: B, IX: A4 X: Bg

ammonium formate from 0.05M to 0.5M. One of the objects of our bleomycin
study was to find the chemical differences between these natural bleomycins
and to establish a method of fermentation to produce a single bleomycin.
If it was successful, based on the biological activity of each bleomycin we
thought that we could find more active bleomycins against squamous cell
carcinoma than the present one. As we have reported in this paper, all
bleomycins were different in their amine moiety and, on the basis of this
observation, we were able to establish a method of fermentation to produce
artificial bleomycins. By addition of an amine, especially a diamine or a
triamine, to the fermentation medium bleomycin containing the amine added
was selectively produced. Thus, we were able to prepare forty-two bleomycins.
Now we need the fundamental basis which could be used to predict the
efficiency of each bleomycin against squamous cell carcinoma in humans.
In this paper, we will report the chemical differences between natural bleo-
mycins, preparation of artificial bleomycins by fermentation and the
enzymatic inactivation of bleomycins which is one of the mechanisms of
the selective effect against the squamous cell carcinoma.

The study of the structure of bleomycin A,, which is the main component
of bleomycin employed clinically, is now being continued by Takita,
Muraoka, Omoto, Maeda and the author3—28. The results hitherto obtained
can be summarized in the structures of the partial hydrolysis products shown
in Figure 2.

The hydrolysis of bleomycin A, in 6N hydrochloric acid at 37°C for four
days gives the tripeptide S and the tripeptide A. The total acid hydrolysis
of the tripeptide A in 6N hydrochloric acid gives four amino acids: f-amino-
B-(4-amino-6-carboxy-5-methylpyrimidin-2-yl)-propionic acid (II), L-B-
aminoalanine (V), f-hydroxyhistidine (IV) and 4-amino-3-hydroxy-2-methyl-
n-valeric acid (III). Because of this tripeptide A was described as a tetra-
peptide in previous papers. The structure of the amino acid II-V in Figure 2,
which gave II and V by acid degradation, was recently determined by
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Figure 2. Partial hydrolysis products of bleomycin A, (I, IL, IIL, IV, V, VI, VII, are the numbers
assigned to the amino acids and the amine obtained by total acid hydrolysis, and were employed
in previous papers.)

its synthesis from II and the methyl ester of a-acetylaminoacrylic acid.
As shown in Figure 2, the acid hydrolysis of the tripeptide S gives L-threonine
(I), 2'-(2-aminoethyl)-2,4'-bithiazole-4-carboxylic acid (VI) and 3-amino-
propyl-dimethylsulphonium (VII).

We could find a hydrolysis condition for bleomycins, that is, in 0.3N
sulphuric acid at 81-83°C for 6 hours, to give the sugar moiety in the dis-
saccharide form, as shown in Figure 2. L-Gulose and 3-O-carbamoyl-D-
mannose in bleomycins can be identified by gas,chromatography of the
trimethylsilyl derivatives of the products obtained by reflux of bleomycins
in methanol with strong acidic resin (Amberlyst 15) for 30 hours. The pattern
of a gas chromatogram is shown in Figure 3. From the results of the gas
chromatography of trimethylsilyl derivatives of methyl a-L-gulopyranoside,
methyl B-L-gulopyranoside, methyl 3-O-carbamoyl-¢-D-mannopyranoside
and methyl o-D-mannopyranoside, each peak was assigned as follows: A
is methyl a-L-gulopyranoside; B, methyl P-L-gulopyranoside; C, methyl
3-0O-carbamoyl-a-D-mannopyranoside; E, methyl o-D-mannopyranoside.
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Figure 3. Gas chromatogram of sugar components of bleomycin A,

The other peaks D and F appeared together with A in the gas chromato-
graphy of trimethylsilyl methyl a-D-gulopyranoside. The patterns of the
gas chromatography of trimethylsilyl derivatives of the methanolysis
products of natural bleomycins were the same and therefore the sugar
moiety was confirmed to be the same in natural bleomycins.

Six amino acids and an amine obtained by the total hydrolysis of bleo-
mycins can be identified by high voltage electrophoresis in formic acid—acetic
acid-water (25:75:900) followed by ascending paper chromatography using
n-propanol-pyridine-acetic acid—water (15:10:3:12). The result for bleo-
mycin A, is shown in Figure 4. By this method, the amine moiety was

o 111
Vi O
3
(@]
0 VIl
I\ o
2 G
2 n. VO
I~
1st HVE

Figure 4. The high voltage electrophoresis followed by ascending paper chromatography of the

hydrolysis products of bleomycin A,. I: L-threonine II: B-amino-B-(4-amino-6-carboxy-5-

methylpyrimidin-2-y1)-propionic acid Ill: 4-amino-3-hydroxy-2-methyl-n-valeric acid IV:

B-carboxyhistidine V: L-B-aminoalanine VI: 2'-(2-aminoethy!)-2,4'-bithiazole-4-carboxylic acid
VII: 3-aminopropyl-dimethylsulphonium

found to be different in natural bleomycins. The amines of bleomycins were
isolated and their structures were studied by Fujii, Takita and the author.
The bleomycins were hydrolysed in 6N hydrochloric acid at 105°C for 30
hours and, after evaporation to dryness, dissolved in distilled water and
passed through a column of Dowex-1 in OH form. Then, the amines appeared
in the effluent and were crystallized as picrates.
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The amine from B, .

H,N—CH,—CH,—CH,—CH,—NH—C—NH,

NH
The amine from As :
H,N—CH,—CH,—CH,—NH—CH,—CH,—CH,—CH,—NH,
The amine from Ag:
H,N—CH,—CH,—CH,—NH-—CH,—CH ,—CH,—CH,—NH-—-CH,—CH,—CH,—NH,

Figure 5

The amine of B, was obtained as the dipicrate: m.pt 238-239°C,
C;H N, 2(C¢cH;N;0,). The guanidine group was shown by Sakaguchi
reaction and the amino group by positive ninhydrin and one mole of Van
Slyke nitrogen. The result of the elemental analysis conforms to the formula
in Figure 5. Two middle methylene groups were shown by the multiplet
signals of four protons at 2.185 and the methylene groups adjacent to amino
and guanidine groups were shown by the triplet of pairs of protons at 3.525
and at 3.716 (in D,O) respectively. The identity with agmatine was confirmed
by comparison with an authentic sample.

The amine of bleomycin A5 was first crystallized as the tripicrate and was
converted to the trihydrochloride, m.pt 247-248°C, C,H,,N;-3HCI. The
result of the elemental analysis, positive ninhydrin, two moles of Van Slyke
nitrogen and n.m.r. data obtained by the decoupling, suggested that this
amine was spermidine. The identity with spermidine was proved by compari-
son with an authentic sample.

The amine of A4 was crystallized as the tetrapicrate, m.pt 249-250°C (dec),
C,oH2¢N, 4CcH3N;0-). The amine of A5 was spermidine and, therefore,
from the result of elemental analysis we suspected the amine of Ag to be
spermine. The identity with spermine was confirmed by comparison of
melting point, behaviour in high voltage electrophoresis, thin layer chro-
matography in several solvents, infra-red spectrum and gas chromatography
with an authentic sample. The amine of B, was first crystallized as the
picrate, C, H;sN,-3(C4dH;N,0), mpt 194-195°C, decomposition at
203°C, and it was converted to its sulphate by the procedure using Dowex-1
resin in OH form, C, ;H,N,-1.5 H,80,, m.pt 270-272°C (dec). The molecu-
lar weight 377 was obtained by titration (pK, 10-2 and > 12). It was positive
in ninhydrin and Sakaguchi and gave one mole of Van Slyke nitrogen.
Coupling of bcfg with a and deh protons (Figure 6) was shown by irradiating
to befy: a and deh signals turned to a broad singlet. The N-monoacetyl
derivative was crystallized as the dipicrate, m.pt 173-173.5°C, C,,H,,N;*
CH,;CO-2C4H;N;0,). In this monoacetate the signal of a in the previous
compound shifted to lower field and was assigned to the methylene adjacent
to the acetylated amino group. The treatment of the B, sulphate in IN
sodium hydroxide at 105°C for 45 hours gave a urea derivative (Figure 6),
putrescine and ammonia. The urea derivative was crystallized as its dipicrate,
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CoH,,N, 2(CcH;N;0,) and it was converted to its crystalline dihydro-
chloride, m.pt 171°C (dec), CoH,,N,O-2HCI. The bands at 1647 cm™*
and 1582 cm ™! indicated the presence of the urea group. Further hydrolysis
in 1N sodium hydroxide at 105°C gave putrescine (1,4-diaminobutane). The
urea compound was resistant to treatment in 6N hydrochloric acid at 105°C
for 24 hours. Thus, for the urea compound, N,N'-bis-4-aminobutylurea was
proposed. Thus, we propose 1-(4-aminobutyl)-3-(4-guanidinobutyl)-guani-
dine for the amine of B,,.
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Figure 7. CM-sephadex C-25 chromatography of partial hydrolysate of bleomycin B,.
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To obtain the tripeptides containing the amine from bleomycins A;,
demethyl A,, A,, B,, As, B, and Ag, hydrolysis in concentrated hydrochloric
acid (12n), at 27°C for 2-3 days, was the most suitable condition. The hydroly-
sate was evaporated to dryness and was subjected to column chromatography
on CM-Sephadex C-25 which was treated with 0-05M ammonium formate.
The chromatogram was developed, raising the concentration of ammonium
formate from 0-05M to 1-0M continuously. The optical density of the eluate
at 292 mp was determined for each fraction. The pattern of the hydrolysate
of B, is shown in Figure 7. The penultimate peak corresponds to the tripep-
tide consisting of L-threonine (I), the bithiazole amino acid (VI) and the
amine, and the last one corresponds to the dipeptide consisting of the bithia-
zole amino acid and the amine.
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Figure 7 indicates that the tripeptide or the dipeptide of B, containing
the amine appears in the later fraction. In the case of B, containing the more
basic amine, it was necessary to use 2M ammonium formate for elution of the
tri- and dipeptides.

Here we describe the isolation of the tripeptide from bleomycin As. The
tripeptide appeared in the fractions eluted with 0.91-1.0M ammonium formate
and crystallized from aqueous ethanol as the trihydrochloride, m.pt 196~
197°C (dec), C,,H,3N,0;S,-3HCI. The dipeptide consisting of the bithi-
azole amino acid and spermidine was obtained from a peak which appeared
in the eluate with 1.0M ammonium formate. The total hydrolysis of the tripep-
tide gave L-threonine (I), the bithiazole amino acid (VI) and spermidine. The
hydrolysis of the tripeptide in 6N hydrochloric acid at 105°C for 1 hour gave
a dipeptide which was separated by high voltage paper electrophoresis
(R,, 0.56, taking L-alanine as 1.0). The amino terminal was shown to be
L-threonine and total hydrolysis gave L-threonine and the bithiazole amino
acid. Thus, the structure of the tripeptide obtained by partial hydrolysis
of As is shown in Figure 8. However, it must be determined which amino
group of spermidine forms the amide bond with the carboxyl group of the
bithiazole amino acid. The coupling of the middle methylene protons of the
trimethylene group with methylene adjacent to the amide was shown by
irradiating to 2.500. The triplet at 3.985 became the singlet. In spermidine,
the signal of this methylene appeared at 3.706. The shift to 3.986 suggests that
the amino group adjacent to this methylene participates in binding with the
bithiazole amino acid. Bleomycin A5 was deaminated by treatment with
sodium nitrite, deaminobleomycin A5 was hydrolysed in 6n HCI at 105°C
for 30 hours and deaminospermidine was crystallised as the picrate, m.pt
166-167°C, C,H,N,O(C,H;N,0,),. This deaminospermidine was com-
pared with N-(3-hydroxypropyl)-1,4-diaminobutane and 4-(3-aminopropyl-
amino)-1-butanol by infra-red spectrum, melting point, behaviour on high
voltage electrophoresis and thin layer chromatography, and the identity
with 4-(3-aminopropyl)-1-butanol was confirmed. Thus, the amino group
of spermidine binding with the carboxyl group of the bithiazole amino acid
was determined. Bleomycin A 5 (50 mg, copper-free) was converted to another
bleomycin by shaking with dried cells (50 mg) of Serratia marcescens in
phosphate buffer at pH 6.8 for three days. After this reaction, this bleomycin
was purified by CM-Sephadex C-25 chromatography, raising the concentra-
tion of ammonium formate from 0.05M to 1.0M. The amine part of this
bleomycin was found to be 1.3-diaminopropane.

The amine of Aj-a: Bleomycin A, :
I
H,N—CH,—CH,—CH,—CH,—NH, R—NH—CH,—CH Z—CH2~S—5H 3
* 3206(s)
The amine of A)-b: Bleomycin demethyl-A,:
H,N—CH,—CH,—CH,—NH, R—NH—CH ,—CH,—CH 2—S~(‘5H3
* 2506 (s)
Figure 9
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Bleomycin Aj-a and A’-b were hydrolysed and the amines were separated
and identified as 1,4-diaminobutane and 1,3-diaminopropane respectively.

After A, had been kept in the air for a year, chromatographic analysis
indicated the appearance of A, and demethyl-A ,. The methyl signal appeared
at 3.205 in the n.m.r. spectrum of A, and at 2.506 for demethyl-A,. We
confirmed the methyl signal of dimethylsulphoxide at 3.20 and the methyl
signal of dimethylsulphide at 2.500. Thus, these n.m.r. data suggested the
amines of A, and demethyl-A, as those shown in Figure 9. Recently we -
succeeded in obtaining A, from demethyl-A, by the reaction with methyl
iodide and we were able to obtain A; by treatment of demethyl-A, with
hydrogen peroxide at room temperature for 30 minutes. Pyrolysis of A,
at 100°C for several hours gave demethyl-A,. Thus, the amine parts of A,
and demethyl-A, were determined.

The differences in the amine moieties of natural bleomycins suggested
to us that addition of an amine to the fermentation medium would induce
the preferential production of the bleomycin containing the amine added.
We thought also that it would be possible to produce artificial bleomycins
by adding amines which were not in natural bleomycins. In fact, we have
obtained the results expected.

The one methyl carbon (2 x 10® cpm)-labelled 3-aminopropyldimethyl-
sulphonium (90 mg) was added to one hundred millilitres medium at 48h
of the shaking culture of S. verticillus and it was further shake-cultured for
six days. The bleomycin was extracted by IRC-50(H) column chromato-
graphy, carbon chromatography and alumina chromatography and the
bleomycin mixture obtained was analysed by CM-Sephadex C-25 column
chromatography. As shown in Figure 10, if the result is compared with that
in Figure 1, bleomycin A, (the total counts 6.9 x 10° cpm) was preferentially
produced. Another radioactive peak shows no absorption at 292 mp and

Ay
, {2x10°s
-o- :Radioactivity %
3k — :0D(292 mu) :
52
. 1x10 <
I ]
£ 2 o
o S
2 @
o 0
o
o

[
[3)]
HCOONH, (Mol)

0 50 100 150 200
Tube No

Figure 10. CM-sephadex C-25 chromatography of bleomycins produced by addition of
H,! 4C—g—CH ,—CH,—CH,—NH,
CH,
674



NATURAL AND ARTIFICIAL BLEOMYCINS

‘piepurisayyse pasusi (Buynorg) 'y §  -wio) paejpyd-raddo) 4

9LS< 610> 000€T 00L0T < ?EZIEUINmoL:olmzlfolﬁulﬁolzml
*HO—“HO—"HO—*HD
768 610 00L 81 o8¢ —HN—"HO—"HO—"HO—HN—"HO—"HO—*HD—NH—
€S 610 0096 0291 {(EHOIN—"HO—"HO—"HO—HN—"HO—*HO—*HO—NH—
£'6v 610 0£89 0L91 THN—"HO—"HO—"HO—{*HOIN—*HO—"HO—*HD—NH—
7’68 610 0991 0£06 ©lmmoiolmzlfolﬂmulfolz:l
S'6€E 610 (1]88:1 OEE T fHO—O0—"HO—*HDO—"HO—HN—HO—"HD—"HO—NH—
9¢l 610 0L0T 098 fHO—HN—"HO—"HO—‘HO—NH—
Kep-3y/8w
Xopul BWIOUIOILD YOIIYY  fstuqns g 1209 g0
onmnaderay [, surede °5qyg 1surege Sw/n jsurede Sw/n Kys10W SUTWIB Y ],

BUIOUIDIED YIT[IYH JO ULIO] S2}IOSE PUE SWSITELSI00 IO JSUTESE SATIATIOR IID) PUER LSUIOAWIOI[q [RIOGIIIY 7 2|1
‘a0rn) O 1208 Uy
2% 6£T TH (Y STT Y 1% 9997 T % €9 G-°V PUB B-LY JO WS 1L £pe Ty % 9€°T FY-HApawap 19 61°6'Y 1 p2onpold UIoAWI0A[q YOES JOJUNOWY SUIWE ST} JO UOHIPPE INOYIM UONRIUSILIS} 3y} $T [OI0D) 4

%001 sem sy [w/3w ¢Q oururodg
7001 sesm Sy [w/3w 9¢°0 surpruradg
‘paseaoul sem °g HN HN
% Of INOQE SEM UIDAWO0[q MIU Y __ __
7, £'8€ 01 paseaIoul seM Ty [w/Sweg)  *“HN—D—HN—"HO—"HO—"HO—"HO—"HN—D—HN—"HD—"HO—*HD—*HD—N‘H
HN
Yo v'pE sem g 17, Gy sem T [w/Sur g *HN—O—HN—"HO—*HD—'HO—*HO—N‘H
Y S48 01 PasEaIOUl seM -5y JO JUdD 1o [w/Swg THN—"HDO—"HO—'HD—N’H
Y6 § '€ 01 PasEaIoul sem e-%y JO JU0 Jod [wr/Sur “HN—"HO—*HO—"HD—*HO—N‘H
m:o/
Ty sem Y18 [w/3w | m|~ HO—*HD—'HO—N'H
‘H
[013U0D Jy3 se Jureg [w/3ur g fHO—S—"HO—*HO—*HO—N°H
4[011u00 3y se dureg Ju/Sur g fHO—OS—*HO—HO—*HO—N’H

poaonpoid surofuoajg BIPSUI O} PAPPE SAUIUY

675



HAMAO UMEZAWA

therefore it is not a bleomycin. Among the other two small radioactive peaks,
peak IV may be a new bleomycin because it was also detected by absorption
at292 mp.

The bleomycins produced by addition of an amine to the fermentation
medium were analysed by CM-Sephadex C-25 column chromatography.
The results are summarized in Table 1. Addition of 3-aminopropyl-methyl-
sulphoxide or 3-aminopropyl-methylsulphide did not increase the produc-
tion of the bleomycins containing these amines. The chromatographic
patterns were almost similar to those of bleomycins produced without
addition of an amine. Addition of 3-aminopropyl-dimethylsulphonium
increased the production of A,. Addition of putrescine increased the pro-
duction of the corresponding bleomycin. However, the precursor effect of
1,3-diaminopropane was more marked than putrescine. It can be thought that
putrescine is more easily metabolized than 1,3-diaminopropane. Addition
of agmatine increased the production of B, and Bj. This result suggests that
bleomycin B} might contain the amine which could be produced from
agmatine. Addition of the amine of B, increased B, markedly because,
without addition of the amine, content of B, among bleomycins produced
was 2.39 per cent and was increased to 45 per cent by addition of the amine.
B, seemed to be slightly increased by addition of the amine of B,. Another
unidentified bleomycin was produced by addition of the amine of B,, and
its proportion amongst bleomycins was about 40 per cent. This bleomycin
appeared in fractions corresponding to B, during the CM-Sephadex C-25
chromatography but it was negative in Sakaguchi reaction. It is thought to
contain the amine which might be produced by metabolism of the amine of
the material B,.

By addition of spermidine at 360 pg/ml to the medium, production of
bleomycins other than bleomycin As; was almost completely suppressed
and, in the medium, A ; almost alone was produced. Addition of spermine did
not cause the production of A4 but A5 was produced. It can be thought that
spermine was converted to spermidine before incorporation into the
bleomycin. Thus, we found that the addition of an amine increases the pro-
portion of the bleomycin containing that amine added amongst the bleo-
mycins produced and, in the case when the amine is metabolized to another
amine, the bleomycin containing the latter is produced.

Ethylamine added to the medium is taken into the bleomycin and thirty
per cent of the bleomycins produced was the bleomycin containing this
amine. Diaminoethane, 1,3-diaminopropane and their N-alkyl or N-amino-
alkyl derivatives were more effective precursors and the bleomycins contain-
ing these amines were exclusively produced in the fermentation media.
More than forty-two bleomycins have been prepared by Nakayama and
others, in the Research Laboratories of Nippon Kayaku Co., and their
activities have been studied by Matsuda and others in that company. The
activities against Mycobacterium 607 and B. subtilis, 50 per cent effective
daily dose for ten days and therapeutic indices against the ascites form of
Ehrlich carcinoma of seven artificial bleomycins, in the copper-chelated
state, are shown in Table 2.

In general, bleomycins containing diamines are less effective against
microorganisms than those containing triamines. However, in general, a
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50 per cent effective dose against the ascites form of Ehrlich carcinoma was
0.19-0.39 mg/kg. The 50 per cent lethal daily dose for 10 days varied and
the therapeutic indices were generally higher in bleomycins containing
triamines than in those containing diamines. It is hard to find a rule among
the structure-activity relationships from the present biological data. Besides
the fundamental pharmacological data and the data of testing the effect
against experimental animal tumours, information on the mechanism of
action and the mechanism of the selective effect against squamous cell
carcinoma would be useful.

As we have reported®!!, bleomycins react with DNA and cause strand
scission. This reaction is promoted by a sulphhydryl compound, hydrogen
peroxide, ascorbic acid etc. Recently, Ono et al., Cancer Research Institute,
Tokyo, reported the inhibition of ligase at a lower concentration of bleo-
mycin than that shown by DNA strand scission, though the possibility
still remained that the effect on the ligase was due to DNA strand scission.
The selective effect of bleomycin on squamous cell carcinoma has been
shown by Ichikawa et al., testing the effect on squamous cell carcinoma
and sarcoma of mice induced by 20-methylcholanthrene. Bleomycin A, was
effective on this squamous cell carcinoma but not on the sarcoma. We found
that bleomycin A, is taken by this carcinoma at 4 times higher concentration
than by the sarcoma, and in the carcinoma 60 per cent of bleomycin A,
remained in the active form after one hour of the injection, but none of the
active form was detected in the sarcoma. Thus, the selective effect on the
squamous cell carcinoma was shown to be due to the high concentration of
bleomycin in this tumour and the low activity of this tumour to inactivate
bleomycin. Rapid inactivation of bleomycin in liver, kidney etc., other than
in lung and skin, was shown by our experiments, testing the distribution of
3H-bleomycin among organs. Recently we found an enzyme in tissues to
inactivate bleomycin. The distribution of this enzyme must be one mechanism
of the selective effect.

Table 3. Inactivation of various bleomycins by homogenates of various organs of mice

Remained per cent

Bleomycinst Lung Skin Liver Spleen Kidney
A, 88.3 72.3 295 473 25.5
As 74.2 61.5 287 41.5 356
B, 40.2 342 6.8 18.4 5.0
B, 613 46.7 16 27.7 16.3

+ All copper-free

Inactivation of bleomycin A,, B,, A5 and B, by homogenates of liver,
kidney, spleen, lung and skin of mice is shown in Table 3. Each organ was
homogenized with phosphate buffer (pH 6.8, 1/15M) of 3 times the weight
of the organ, centrifuged at 900 g and bleomycin was added at 1000 pg/ml.
After 30 minutes at 37°C, the residual bleomycin was determined by the paper
disc method. The faster inactivation in liver, kidney and spleen, than in
lung and skin, conforms with the results obtained by injection of *H-
bleomycin A,. In the case when *H-bleomycin A, was injected and after
one hour bleomycin A, in organs was determined by the radioactivity and
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the antibacterial activity; the presence of inactivated bleomycin A, in all
organs was shown by the radioactivity but the bleomycin A, shown by the
antibacterial activity was found only in the lung, skin and kidney. The
bleomycin A, in kidney is due to the urine containing this antibiotic at a
high concentration. Thus, the rapid inactivation in organs, except lung
and skin, in vivo was shown by the distribution of *H-bleomycin A ,. There-
fore, the mechanism of inactivation by organ homogenates must give
useful information on the mechanism of the selective activity.

Table 4. Partial purification of the enzyme to inactivate bleomycin

Total Total Specific .

protein mg unit act. Y%)Z/)]_d Fold
Crude ext. 10000 G! 1960 1984 1.01 100 1.0
105000 G2 1393 1991 143 100 1.4

Protamine sulphate® 1400 1911 136 96.3 1.36

Ammonium sulphate

35-60% 531 1715 32 86.4 32
Sephadex G-25* 314 850 27 4209 2.7
DEAE cellulose® 70 810 11.6 408 115

1 98 ml. 2 81 ml. ® Protamine (55.7 mg) was added and centrifuged at 10000 g for 20 minutes. * Solvent: 1/15 M phosphate
buffer at pH 7.2. * The elution was carried out by raising the concentration of sodium chloride in 5 mM phosphate buffer at pH
7.2 from 0 to 0.15 M.

We could isolate an enzyme from various organs to inactivate bleomycins.
Tentatively we defined a unit of the enzyme activity as follows: the enzyme
was incubated with 100-250 pg/ml of bleomycin B, in 1/15M phosphate
buffer at pH 7.2 for 60 minutes, and the enzyme activity to inactivate 1 pg
of bleomycin B, per minute was defined as one unit. Starting from 23 g of
mice liver which was homogenized with 70 ml of 1/15M phosphate buffer,
70 mg, as protein, of the partially purified enzyme was prepared by the pro-
cedure shown in Table 4.

The optimum pH of the enzyme was 7-7.5, and the optimum temperature
was around 37°C. This enzyme, purified by DEAE cellulose chromato-
graphy, was very unstable. Therefore, the enzyme obtained by Sephadex
G-25 chromatography was employed for the experiments. The standard
condition was as follows: 1.2 mg of the enzyme, as protein, was incubated
with 100 pg/ml of a bleomycin and after 60 minutes the bleomycin, inacti-
vated, was determined by the paper disc method using B. subtilis. As shown
in Figure 11, B, was more rapidly inactivated than A, and A.

After the inactivation, ammonia was determined by the Conway micro-
diffusion method followed by titration or by spectrometry after ninhydrin
reaction. Then, one mole of ammonia was confirmed to be released during
the inactivation. We attempted to isolate the inactivated bleomycin B, to
find the chemical difference from bleomycin B,. Two hundred mg of bleo-
mycin B, was incubated with 40 mi of the enzyme solution (1600 mg as
protein) and 60 ml of 1/15M phosphate buffer for one hour at 37°C. 100
ml of methanol was added and the supernatant was concentrated to 20 ml;
the inactivated and the residual bleomycins were adsorbed on IRC-50 resin
in H* form and eluted with 0-05N hydrochloric acid-acetone (1:1). After
neutralization with IR-45 resin in OH~ form, the eluate was evaporated
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in vacuo to dryness. The powder was dissolved in 50 ml of distilled water and
passed through a CM-Sephadex C-25 column (240 ml) and the inactivated
and the residual bleomycins were eluted by raising the concentration of
ammonium formate from 0-05M to 1:0m. The pattern of the elution is shown
in Figure 12. The eluate was treated by carbon chromatography using
0-02m hydrochloric acid-n-propanol (1:1) to remove ammonium formate
and the eluate was neutralized with IR-45 resin and evaporated to dryness,
yielding 132 mg of the inactivated bleomycin B,.
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Figure 12. Separation of inactivated bleomycin B, and bleomycin B, by CM-Sephadex C-25

The antibacterial activity of the inactivated B, is shown in Table 5, com-
pared with bleomycin B,. Except for the effect against Mycobacterium 607
and Salmonella enteritidis, its solution at 100 pg/ml showed no antibacterial
activity. It caused 50 per cent inhibition of Yoshida rat sarcoma cells at
at 200 pg/ml and bleomycin B, showed the inhibition at 2.5 pg/ml.
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Table 5. Biological activity of bleomycin B, and the inactivated
bleomycin B,.
(a) Antimicrobial activity

Minimum inhibition concentration (ug/ml)
Microorganisms Bleomycin B, Inactivated
bleomycin B,

Alcalig. faecalis IAM 105 0.05 >100

Bac. subtilis PCI 219 0.39 >100

E. coli K-12 0.39 >100

Mycob. smegmatis ATCC 607 0.4 6.25

Microc. flavus FDA 16 12.5 >100

Sal. enteritidis 1891 0.05 3.12

Staph. aureus FDA 209 P 312 >100

(b) 50 per cent growth inhibition against Yoshida rat sarcoma cells in vitro

Bleomycin B, Inactivated
bleomycin B,

2.5 pg/ml 200 pg/ml

The difference between the inactivated B, and bleomycin B, was found in
the slightly lower basicity shown by high voltage electrophoresis. Hydrolysis
in 6N hydrochloric acid for 24 hours gave all the degradation products ob-
tained from bleomycin B,. As already described, during the enzymatic in-
activation, one mole of ammonia was released. Therefore, the sugar moiety
was tested by gas chromatography of the trimethylsilyl derivatives of the
methanolysis products. The carbamoyl group was also confirmed in the
inactivated bleomycin B,. These data suggest that ammonia would be released
from carboxyl amide. However, we have not yet obtained direct proof of a
free carboxyl group in the inactivated bleomycin.

In vivo, bleomycin A is rapidly inactivated, but in tissue homogenates it
is much more resistant than bleomycin B,. This suggests the presence of
another enzyme reducing the activity of A;. However, the enzyme that .
was described above is thought to have a role in stlective toxicity because
this enzyme is strong in liver, kidney, and spleen and weak in skin and
lung and inactivates all the bleomycins tested.
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