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Bleomycin was observed to inhibit DNA and protein syntheses in intact
Escherichia coli, Ehrlich carcinoma and HeLa cells. DNA synthesis was more
profoundly affected than protein synthesis. RNA synthesis was not significantly
suppressed by the antibiotic. The activity of bleomycin was highly dependent
on the number of cells and on the concentration of phosphate in the medium,
being more pronounced at low concentration of phosphate and with fewer
cells. Bleomycin complex, copper-free bleomycin A2, copper-chelating bleo-
mycin A2 (Cu 2.6 % w/w) and copper-saturated bleomycin A2 (Cu 5.1 %) were

s

tudied. All of them exhibited substantially the same activity. Bleomycin
caused elongation of E. coli cells and enlargement of HeLa cells, with a reduc-
tion in the number of mitotic figures of growing HeLa cells, indicating that
the antibiotic interfered with the mitotic process.

Phleomycin, a water-soluble antibiotic complex, was isolated from culture broth
of a strain of Streptomyces verticillus by Maeda et al. (1956)1}. Later the antitumor

activity of the antibiotic was demonstrated2'35. The mechanism of action of phleo-
mycin was observed to be related to DNA and DNA synthesis. It was found to

i

ncrease Tm* of dAT** polymer and inhibit DNA polymerase reaction4~7).
More recently another antibiotic complex was discovered by Umezawa et <z/.(1966)

and was designated bleomycin8). It was fractionated into bleomycins A and B. The

former was further separated into 6 components and the latter into 59). Bleomycin
w

as observed to exhibit a significant antitumor and antibacterial activity10'115.The activity of bleomycin on the macromolecular synthesis was studied with the
growing cells of E. coli, Ehrlich carcinoma and HeLa cells. DNA synthesis was most

markedly inhibited by bleomycin complex, and by copper-containing or copper-free
bleomycin A2. These materials also interfered with protein synthesis. However, RNA

synthesis was not significantly affected. The activity of bleomycin was highly
dependent on the number of cells and on the concentration of phosphate in the

medium. It was more pronounced at low concentration of phosphate and with fewer
cells. The results are presented in this publication.

* Tm : Thermal melting of DNA.
** dAT : Deoxyadeninethymine.
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Materials and Methods

Bleomycin complex 775jug/mg (At 8%, Bx 5%, A2 51%9 B2 24%, A5 6%, B5 6.5%
and Cu 1.7 %, w/w), copper-chelating bleomycin A2 (Cu 2.6 %), copper-saturated bleomycin
A2 (Cu 5.1 %), and bleomycin A2 (copper-free) were prepared by T. Takita, Institute of
Microbial Chemistry, Tokyo. Pluramycin was supplied by K. Maeda, National Institute
of Health, Tokyo. Mitomycin C was a product of Kyowa Hakko Kogyo, Co., Tokyo.
Puromycin was kindly given by Lederle Lab., Pearl River, N. Y. L-Leucine-14C (U), 198
mc/mM, was purchased from Daiichi Chemical Co., Tokyo. Thymidine-6-3H (n), 1,850

mc/mM, uridine-3H (G), 2,700 mc/mM, and adenine-8-14C, 28.9 mc/mM, were products of
Radiochemical Centre, Amersham, England.

14C-Amino acids were a hydrolysate of Chlorella protein, 6.47 mc/mMC, and were a
gift of Dr. B. Maruo, Institute of Applied Microbiology, University of Tokyo, Tokyo.

Culture of HeLa cells :
HeLa S-3 cells were grown in tubes or bottles in 1 ml of Eagle's minimal essential

medium12), supplemented with 10 % calf serum. For the observation of effects of antibiotics
on the growth, the media were changed for antibiotic-containing media on 0 day. At 2,
4, and 6 days, 3 tubes of a group were counted by the citric acid-crystal violet staining

m

ethod and the average number of cells from each group is shown in Fig. 1.
Protein and nucleic acid syntheses in HeLa cells :
Antibiotic-containing media were added to the culture of HeLa S-3 cells 48 hours

after inoculation, and the cells were incubated for an additional 4, 8, 24, and 48 hours.
Then radioactive precursors were added to the media : uC-leucine 0.1 juc/ml, 3H-thymidine
0.25 ^c/ml and 3H-uridine 0.1 /ic/ml. After incubation for 30 minutes, the cells on the
cover slips were chilled in cold saline, fixed in methanol, immersed in 2 % perchloric acid
for 40 minutes to remove acid-soluble materials, rinsed in water, and dried. Radioactivity
of the cells on each cover slip was determined in a windowless gas flow counter. The

n

umber of cells was determined by the citric acid-crystal violet staining method.
Observation of DNA synthesis in synchronized HeLa cells :
HeLa S-3 cells were synchronized by addition of aminopterine 10~6m and adenosine

5x 10"5 m to block endogenous synthesis of thymidine, according to the method of Kajiwara
et al.ls). After 16 hours, the thymidine-less state was relieved by addition of thymidine

4x10"6m. Then DNA synthesis was initiated and continued for 6 or 7 hours. The effect
of bleomycin was examined at 3 different stages of DNA synthesis.

(1) The antibiotic was added to the culture 2 hours before the beginning of DNA
synthesis, and the medium was changed to fresh medium, containing 3H-thymidine 0.25
juc/ml at the initiation of DNA synthesis.

(2) The antibiotic and 3H-thymidine were added to the culture at the time of thy-
midine rescue (the initiation of DNA synthesis).

(3) The antibiotic and 3H-thymidine were added to the culture 5 hours after
thymidine rescue.

The incubation with 3H-thymidine was performed for an hour at 37°C, and the radio-

a

ctivity was determined as described above.

Protein and nucleic acid syntheses in Ehrlich ascitic carcinoma cells :
Ehrlich carcinoma cells were contacted with bleomycin at 25°C for 30 minutes in a

buffer (NaCl 1.4x10"4m, Tris-HCl 2xlO"2M, and glucose 6xlO"3M, pH7.2). Then radio-
active precursors were added to the media : 3H-thymidine 0.1 juc/ml, 3H-uridine 0.02 /zc/ml,

and uC-leucine 0.02 //c/ml; and further incubated for an hour. The radioactivity of
protein or nucleic acid fraction14) was determined in a windowless gas flow counter.

Culture of E. coli:
E. coli B was incubated at 37°C with aeration in the following media. Medium I

(Hershey) : glucose 2g, NaCl 5.4g, NH4C1 1.1g, CaCl2 llmg, MgCl2 95mg, KH2PO4 4.0g,
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Na2SO4 23mg, FeCl3 0.16mg, Tris 12.1g, pH7.4, per liter. MediumII: glucose 2g, KC!

2.02g, NH4C1 1.98g, CaCl2 14.7mg, MgCl2 142mg, K2HPO, 142mg, Na2SO4 398mg, FeCl3,

2.7mg, Tris 12.1g, pH 7.6, per liter.

Observation of protein and nucleic acid syntheses in the growing cells of E. coli :
The cells of E. coli B grown overnight in medium I or II supplemented with 0.1%

casamino acids were transferred to 20 volumes of fresh media and incubated at 37°C.
At the logarithmic phase of growth, the cell suspension was divided into 9.7ml

portions in L tubes at 0°C. After 10-minute incubation 0.5juc of 14C-amino acids or 1/uc
of uC-adenine was added with 50jug of adenine to the culture. The antibiotic was simul-
taneously introduced into the cells. The cell count of the suspension was approximately
3x108/ml. Growth was measured by turbidimetric method at 660mju and by viable cell
count, using colony formation on nutrient agar. The nucleic acids and protein were frac-
tionated from 3ml of samples by the method of Schmidt and Thannhauser14). Determina-
tion of protein was carried out according to Lowry et al.u) Nucleic acid was estimated
by the value of OD260. The radioactivity was determined in a GM counter.

Results

Effects of Bleomycin on the Growth of HeLa Cells and E. coli
Bleomycin was observed to inhibit the growth of HeLa S-3 cells and E. coli B.

It was significantly inhibitory at concentrations higher than i #g/ml, when the
antibiotics were introduced into the culture of HeLa cells at the loagrithmic phase of

growth in Eagle's minimal essential medium supplemented with 10% calf serum.
The results are presented in Fig. 1. They are in accordance with those reported in the
previous paper16). The activity of bleomycin was highly dependent on the number
ofcells. More marked inhibition was observed with fewer cells than illustrated in

Fig. 1. No significant difference was
demonstrated of the activity of cop-
per-chelating and copper-free bleo-
mycin.

The antibiotic was observed to

inhibit the growth of E. coli B at
concentrations higher than 20 jug/ml,
when it was introduced into the

Fig. 1. Effects of bleomycins on growth
of HeLa S-3 cells

Fig. 2. Effects of bleomycin on growth of
E. coli B in medium I
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culture at the logarithmic phase of growth in medium I.

The activity seemed to be bactericidal, because it decreased the number of viable

cells. The results are summarized in Fig. 2. The activity of bleomycin was highly

dependent on the cell number and phosphate concentration in the medium. The same

t

endency was observed as in the case of HeLa cells.

Microscopic Observation of Cells Treated with Bleomycin

Bleomycin was found to cause elongation of E, coli B, when it was added to the
culture at the logarithmic phase of growth. Elongated cells of various sizes appeared

3 hours after the addition of the antibiotic at a concentration of 20 //g/ml (Plate 1).
Marked morphological changes were observed in the growing HeLa cells treated

with bleomycin complex or bleomycin A2 (copper-free). The nucleus became larger,

and the cytoplasm was also enlarged and
spread on glass by the treatment with

bleomycin. The number of mitotic figures
was markedly decreased and the shrinkage
of chromosomes was observed. The num-

ber of polynuclear and mononuclear giant
cells of various sizes was significantly in-
creased by the treatment with bleomycin
at the concentration of 40 Ag/rrd for 24

hours or longer (Plate 2).
These observations indicated that bleo-

mycin interfered with mitosis.

Plate 1. Elongation of cells of
E. coli by bleomycin

The cells of E. coli Q 13 were treated
overnight in a medium containing 20 jug/

ml of bleomycin.

illii

a)

Plate 2. Morphological changes in growing HeLa S-3 cells treated
with bleomycin A2 (copper-free)

Mononuclear giant cell b) Polynuclear cell

jfc

w®

The cells were cultured in a medium containing 40 /zg/ml of bleomycin A2
(copper-free) for 24 hours in (a), and 48 hours in (b), respectively.

Effects of Bleomycin A2 (Copper-free) on the Biosynthesis of
Macromolecules of HeLa Cells

The incorporation of 3H-thymidine into DNA of HeLa cells was inhibited by the
presence of 40 Ag/ml of bleomycin. The inhibition was more marked with longer
contact of cells and the antibiotic. The incorporation of 3H-uridine into RNA and
that of 14C-leucine into protein was not significantly influenced by bleomycin. The



VOL. XXI NO. 6 THE JOURNAL OF ANTIBIOTICS 383

Table 1. E ffect of cop per-free b leom y cin A 2 on protein an d n u cleic

ac ids syn th eses in g row ing H eL a S -3 cells

B l e o m y c i n A 2 C ell

n u m ber

In corp oration of

3H -th ym id in e 3H -u rid in e 14C -leucin e

Incubationhr. Concentr.jug/ml x io4
cp m ** cpm cp m

4
0 .8 2, 050 100 324 100 584    100

40 2. 8 1, 626 79 304 9 3 644    110

8
0 2. 8 2, 060 100 52 4 100 476    100

40 .8 1 , 550 75 5 38 103 494    104

24
0 3. 6 2 , 140 100 514 100 584 100

40 2.9 1, 069 50 455 89 628 107

28
0 4.8 2, 320 100 783 100 416 100

40 2.1 1 , 000 43  1, 295   165   576   138

* cpm : counts per minute per 105 cells,

phosphate concentration in the
medium was 7.8x104m. The

results are presented in Table
1.

Effects of Bleomycin A2
on DNA Synthesis of

HeLa Cells

As summarized in Table 2,
the inhibition of DNA synthesis
of HeLa cells was more marked

with copper-free bleomycin
than with copper-chelating or

copper-saturated bleomycin A2.

The effects of bleomycin were
studied with cultures synchro-

nized by treatment with amino-
pterine. Bleomycin inhibited
DNA synthesis to the same
å degree when given before, at
the time of or after the initia
tion of DNA synthesis. The
results are presented in Table

3.

Table 2. Effects of bleomycins on DNA synthesis in
growing HeLa cells

In c o r p o r a tio n o f

3H - th y m id in e

c p m /t u b e   % In c .

C o n tro l 7 5 5 1 0 0

Bleomycin A 2     4 0 /zg /m l 4 0 2 5 3

(co p p e r - fr e e )   81. 6 4 4 3

6 2 8

5 9

8 3

Bleomycin A 2     4 0 fi g jm l 4 14 5 5

(c o p p e r - c h e la t e )  81. 6 5 5 2

7 6 4

7 3

1 0 1

Bleomycin A 2     4 0 //g /m l 4 4 5 5 9

(saturated w ith c o p p e r) 8

       1. 6

7 3 4

8 0 2

9 7

1 0 6

The cells were pretreated with bleomycin at 37°C for

4

hours.

Table 3. Effects of copper-free bleomycin A2 on
DNA synthesis of synchronized HeLa cells

T im e o f add ition
cpm /cove r slip

f b leom v cin A W ith ou t W ith R atio of

oi Dieom y cm j¥2 bleom ycin A 2 b leom y cin A 2 incorporation *

602 h ours before

DNA sy nth esis

617 368

A t in itiation of

DNA sy nth esis

617 349 57

5 h ou rs after

DNA sy nth esis

426 269 $ 3

(With bleomycin A2/without bleomycin A2).
Bleomycin A2 : 40 ^g/ml.

Effects of Bleomycin A2 on Macromolecular Synthesis of

Ehlrich Carcinoma Cells

As shown in Table 4, DNA synthesis and protein synthesis were inhibited by the
pre-treatment with bleomycin A2 (copper-free) for 30 minutes before the addition of

radioactive precursors, but RNA synthesis was not significantly affected.
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Table 4. Effects of copper-free bleomycin A2 on the
syntheses of DNA, RNAand protein in Ehrlich

ascitic carcinoma cells

Control
Bleomycin A2 40 jug/ml
Mitomycin C 50 jug/ml
Puromycin 5 /ig/ml

Incorporation (cpm/tube)

3H-thymidine 3H-uridine

1,321
990 (70%)

1,284 (91%)

1,398

1,529

1, 634

1, 734

14C-leucine

634

456 (72%)

136 (21%)

Effects of Bleomycin A2
on Macromolecular

Synthesis of Growing

Cells of E. coli

The incorporation of UC-
amino acids into protein of the
growing cells of E. coli B was
inhibited by bleomycin A2
(copper-free) in medium II, which contained a low concentration of phosphate.

However, at the higher concentration of phosphate, when medium I (Hershey) was
used, muchless inhibition was observed in the presence of bleomycin A2.

The incorporation of uC-adenine into DNA was more markedly inhibited by

bleomycin A2 (copper-free) in media I and II, which contained high and low concen-
tration of phosphate respectively. The incorporation of uC-adenine into RNA was

Fig. 3. Effects of copper-free bleomycin A2 on the growth
and macromolecular syntheses of E. coli B
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not significantly affected by the presence of the antibiotic. In conclusion, DNA synthesis
was most profoundly affected by bleomycin, and less grade of inhibition of protein

synthesis was observed. RNA synthesis was not significantly affected. The results

are illustrated in Fig. 3.

Discussion

Bleomycin was observed to inhibit DNA and protein syntheses in the intact cells of
E. coli, Ehrlich carcinoma and HeLa cells. DNA synthesis was more markedly affected than
protein synthesis. No substantial difference in the activity was demonstrated with bleo-
mycin complex and bleomycin A2, both copper-containing and copper-free. The primary
site of action of bleomycin has been further investigated in our laboratory, using cell-free
systems. Bleomycin A2 and A5 did not significantly affect protein synthesis in cell-free

systems. However, bleomycin complex inhibited protein synthesis in ribosomal systems
by interfering with the formation of aminoacyl-SRNA, particularly with those of arginyl-
and lysyl-SRNA. The results indicated that, besides bleomycin A2 and A5, another factor,
inhibiting protein synthesis, was contained in bleomycin complex. Phleomycin was demon-
strated to increase Tm of dAT polymer or DNA6>17). In contrast to phleomycin, bleomycin
A2 was observed to decrease Tm of DNA17). The results indicated that bleomycin A2
bound with DNA and labilized the double strand structure of DNA. The most plausible
primary site of action of bleomycin A2 seems to be involved in DNA and its function,

i

ncluding DNA synthesis and mitosis.

The activity of bleomycin was highly dependent on the number of cells and the con-

c

entration of phosphate in the medium resembling the activity of streptomycin. However
the detailed mechanism of action remains to be determined.
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