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SUMMARY

Labeled free bases could be detected chromatographically after reaction of deoxyribo-
nucleic acid with high concentrations of the antibiotic bleomycin. Thymine, adenine,
guanine, and cytosine were released from DNAs previously labeled in the base moiety
with each of the four bases. No detectable amounts of nucleosides, nucleotides, deoxyribose,
deoxyribose phosphate, or inorganic phosphate were released.

INTRODUCTION

The bleomycins are a group of glycopep-
tide antibiotics which have antineoplastic
activity toward the ascitic form of Ehrlich
carcinoma (1-5). This group of antibiotics
has been found to be effective against certain
squamous cell carcinomas in man, and
lymphomas including Hodgkin’s disease (6,
7). The most serious side effect encountered
is pulmonary fibrosis, but there is no evi-
dence of bone marrow, liver, or renal toxicity
(8).

Bleomycin, on reaction with DNA 7n vitro,
causes a decrease in the melting temperature
of the DNA and also produces rapid frag-
mentation of DNA strands in the presence
of 2-mercaptoethanol (9-12). An earlier
paper from this laboratory (9) presented a
confirmation and extension of the studies of
the Japanese group headed by Umezawa
(10-12). In the presence of high concentra-
tions of the drug, approximately 80 % of the
DNA is rendered soluble in trichloracetic
acid. (9).

The present study is a continuation of re-
search on the reaction of DNA fragmenta-
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tion 7n vitro in order to gain insight into the
mechanism of strand breakage by bleomycin.

MATERIALS AND METHODS

Chemicals. Bleomycin was a gift from
Bristol Laboratories, Syracuse, N. Y., and
from Nippon Kayaku Company, Tokyo.
[methyl-*H]Thymidine (20 Ci/mmole), [*H]-
adenine (8.4 Ci/mmole), H;3?PO, (carrier-
free) [8-"“C]guanine (41.4 mCi/mmole), and
[*H]uracil (2.8 Ci/mmole) were purchased
from New England Nuclear Corporation.
[2-deozyribose-5-*H|Thymidine (5.0 Ci/m-
mole) was purchased from Amersham/Searle.
[5-*H]Cytosine (11.3 Ci/mmole) was pur-
chased from International Chemical and
Nuclear Corporation, Irvine, Cal. [methyl-
*H]Thymine (20 Ci/mmole) was purchased
from Schwarz BioResearch. Bovine pan-
creatic deoxyribonuclease I (EC 3.1.4.5,
ribonuclease-free) and venom phosphodi-
esterase from Crotalus adamanteus (EC
3.1.4.1) were purchased from Worthington
Biochemical Corporation. All other chem-
icals were purchased from commercial
sources. :

Labeled DN A. Bacillus subtilis 168 (thy trp
C2), which requires thymine and tryptophan
for growth, was used as the source of labeled
DNA. Conditions of bacterial growth and
isolation of DNA were described previously
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(9). In general, tritiated precursors were
added to the growth medium at a level of 0.5
uCi/ml, “C-labeled precursors were added at
a level of 0.2 4Ci/ml, and H;*?PO, was added
at a level of 20 4Ci/ml. Cytosine was not in-
corporated into B. subtilis DNA. Cytosine-
labeled DNA was obtained by incorporating
uracil, which is converted into cytosine in
this organism. Guanine was not incorporated
exclusively into the guanine of DNA, but
some was converted into adenine. Thymine
and adenine were incorporated directly with
little or no interconversion.

Gradient centrifugation. Alkaline sucrose
gradient centrifugation analyses were per-
formed as previously described (9). All
gradients were centrifuged in the SW 50.1
rotor of a Beckman L265B ultracentrifuge at
40,000 rpm (149,000 X g) at 5° for 4 hr.

Paper chromatography. Descending paper
chromatography was performed on What-
man No. 3MM chromatography paper de-
veloped with methanol-ethanol-concen-
trated HCI-H,O (50:25:6:19) for 16 hr, as
previously described (9).

Molecular weight determination. The mo-
lecular weight of DNA was determined by
sedimentation velocity in a Beckman model
E analytical ultracentrifuge. After treatment
of the DNA with bleomyecin, the remaining
trichloracetic acid-insoluble fraction was
dialyzed at 4° against 2 liters of a phosphate
buffer (0.01 m NaCl-0.001 u of sodium phos-
phate buffer, pH 6.9). The absorbance at 260
nm of this DNA solution was adjusted to 0.6
before analysis. The molecular weight was
estimated according to the procedure of
Eigner and Doty (13).

Bleomycin reaction miztures. The standard
reaction mijxture contained bleomycin, 2-
mercaptoethanol, and labeled DNA in 0.05
M Tris, pH 8.0. Details of the reaction mix-
tures are given in the legends to the figures.
The amounts of DNA, bleomycin, and 2-
mercaptoethanol were varied between ex-
periments, but in all cases the concentrations
of the drug and 2-mercaptoethanol were
sufficient to cause immediate fragmentation
of the DNA used. A further increase of the
drug resulted in no increase of fragmentation
or trichloracetic acid solubilization of the
DNA (9).
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Different amounts of DN'A had to be used,
since the specific activity of the DNA varied
among the batches. All reaction mixtures
were incubated for 60 min at 22° in tightly
stoppered tubes to allow time for the various
manipulative procedures involved in pre-
paring gradients and chromatograms.

Acid hydrolysis of labeled DNA. Labeled
DNA (0.1 ml) was evaporated to dryness,
0.1 ml of 70% perchloric acid was added,
and the tube was stoppered and heated at
100° for 1 hr. After hydrolysis, 0.1 ml of
water was added, and 0.1 ml of the hy-
drolysate was spotted for paper chroma-
tography.

Enzymatic hydrolysis of labeled DNA. La-
beled DNA (0.1 ml) was denatured at 100°
for 10 min and rapidly cooled in an ice bath.
The magnesium concentration was adjusted
to 0.12 mm; 0.005 ml of DNase I (5 mg/ml)
was added and incubated for 2 hr at 37°.
After DNase I hydrolysis, 0.05 ml of venom
phosphodiesterase (2.5 mg/ml) was added,
and incubation was continued for an addi-
tional 2 hr at 37°. Finally, 0.1 ml of the hy-
drolysate was spotted for paper chroma-
tography.

RESULTS

Figures 1 and 2 show that reaction of DNA
with high concentrations of bleomycin pro-
duced not only fragmentation but also solu-
bilization of the trichloracetic acid-pre-
cipitable radioactivity. The radioactivity
shown in these gradient profiles represents
only the acid-precipitable counts. The small
molecular weight, trichloracetic acid-pre-
cipitable DNA represented by the tritium
counts of Fig. 1 has an approximate molecu-
lar weight of 10* or less. This fragmentation
and solubilization of DNA was observed re-
gardless of the position of the label in the
DNA, i.e., whether in the base moiety (trit-
ium counts of Fig. 1; 80% solubilization),
in the phosphorus (P counts of Fig. 1; 25%
solubilization), or in the deoxyribose (Fig. 2;
70% solubilization). Figure 3 illustrates a
paper chromatogram of the same reaction
mixtures used for the alkaline sucrose
gradientsshown in Fig. 1. The 2P counts did
not move from the origin of the chromato-
gram; the tritium counts (DNA labeled in
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Fi1G. 1. Effect of bleomycin on fragmentation and
solubilization of DNA labeled with [*H])thymine
and ¥P

Alkaline sucrose gradients were used; sedimen-
tation is from right to left. The reaction mixtures
contained 106 ug/ml of [*H]thymine, 3*P-labeled
DNA, 25 mM 2-mercaptoethanol, and bleomycin
as follows: O, control, no bleomycin, 3H counts;
0O, 12 mg/ml of bleomycin, *H counts; A, control,
no bleomycin, 3P counts; @, 12 mg/ml of bleo-
mycin, 3*P counts.

the base moiety) did migrate, co-chroma-
tographing with authentic thymine. In this
solvent system free bases, mononucleosides,
mononucleotides, deoxyribose, deoxyribose
phosphate, and inorganic phosphate all mi-
grated from the origin; no other DNA break-
down products migrated.

Figure 4 depicts a paper chromatogram
obtained with DNA labeled in the deoxyri-
bose moiety. That the DNA was labeled spe-
cifically in the deoxyribose portion of thymi-
dine is shown by the migration of radioac-
tivity from the enzyme hydrolysate to the
position expected for thymidylic acid. Hy-
drolysis of DNA by DNase I and venom
vhosphodiesterase yields nucleotides. No
radioactivity migrated from the acid-hy-
drolyzed DNA; therefore the label must
have been incorporated solely as [5-*H]2-
deoxyribose. After reaction with bleomycin
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F1a. 2. Effect of bleomycin on fragmentation and
solubilization of DNA labeled in the 2-deozyribose
motety

Alkaline sucrose gradients were used; sedimen-
tation is from right to left. The reaction mixtures
contained 53 ug/ml of [2-deozyribose-5-*H)thymi-
dine-labeled DNA, 12 mM 2-mercaptoethanol, and
bleomycin as follows: O, control, no bleomycin;
A, 12 mg/ml of bleomycin.

this DNA did not exhibit a peak in the posi-
tion expected for either nucleosides or nucleo-
tides. The chromatogram represented by Fig.
5 shows that radioactivity released from
bleomycin-treated DNA labeled with uracil
co-chromatographed with authentic cyto-
sine. The radioactivity of this DNA after
acid hydrolysis also co-chromatographed
with cytosine. B. subtilis converts uracil to
cytosine before incorporation into DNA.
Figure 6 shows the results of a chromatogram
of bleomycin-treated DNA labeled with
guanine. In this case some of the guanine was
incorporated into adenine by B. subtilis, as
shown by the peaks of the radioactivity re-
leased after acid hydrolysis. Again the
radioactivity from the bleomycin-treated
DNA co-chromatographed both with the
acid-hydrolyzed sample and with authentic
guanine and adenine. Similar results were ob-
served for DNA labeled with adenine (Fig.
7). The bleomycin-treated DNA co-chroma-
tographed with the acid-hydrolyzed sample
and with authentic adenine. In Figs. 5-7 the
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F1c. 3. Paper chromatogram of [3H|thymine,
3P labeled DN A treated with bleomycin

The reaction mixtures contained 106 ug/ml of
#H]thymine, 3*P-labeled DN A, 25 mM 2-mercapto-
ethanol, and bleomycin as follows: O, control, no
bleomycin, 3H counts; O, 12 mg/ml of bleomycin,
3H counts; A, control DNA, no bleomycin, 3P
counts; @, 12 mg/ml of bleomycin, **P counts;
B, acid-hydrolyzed, [*H]thymine-labeled DNA.
One-tenth milliliter of each reaction mixture was
spotted. The stippled bars indicate the positions
of the authentic labeled compounds.

nucleotides always migrated two or three
fractions further than the bases. Similar
chromatographic results were obtained using
the solvent systems butanol-NH,OH-H.O
(86:1:13) and ethyl acetate—2-propanol-
H;0 (65:22.5:12.5).

Finally, when a reaction mixture contain-
ing 300 ug/ml of [*H]Jthymidine, 12 mg/ml of
bleomycin, and 15 mm 2-mercaptoethanol
was incubated, followed by paper chroma-
tography, all the radioactivity co-chromato-
graphed with authentic [*H]thymidine. No
radioactivity co-chromatographed with au-
thentic [*H]thymine. Similarly, when a reac-
tion mixture containing 0.85 ug/ml of [*H]-
thymidine 5’-triphosphate, 24 mg/ml of
bleomycin, and 30 mm 2-mercaptoethanol
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Fi1G. 4. Paper chromatogram of [2-deoxyribose-6-
tH)thymidine-labeled DNA treated with bleomycin

The reaction mixtures contained 21 ug/ml of
[2-deoxyribose-5-*H]thymidine-labeled DNA, 30
muM 2-mercaptoethanol, and bleomycin as follows:
O, control, no bleomycin; O, 33 mg/ml of bleo-
mycin; A, DNase I-venom phosphodiesterase-
hydrolyzed DNA; @, acid-hydrolyzed DNA.
One-tenth milliliter of each reaction mixture was
spotted. The stippled bars indicate the positions
of the authentic labeled compounds.

was incubated, followed by paper chroma-
tography, all the radioactivity again co-
chromatographed with authentic [*H]Jthymi-
dine 5’-triphosphate.

DISCUSSION

The fact that 80 % of the tritium counts of
Fig. 1 (base-labeled) became soluble in tri-
chloracetic acid after reaction with bleomy-
cin could mean that the bases had been re-
moved from the DNA, and not necessarily
that the backbone of the DNA had been
broken sufficiently for the production of
oligonucleotides small enough to be acid-
soluble. In general, fragments containing
fewer than 10 nucleotides are soluble in tri-
chloracetic acid. However, since the 3P
counts also became solubilized to the extent
of 25%, it is apparent not only that bases
were removed but that the DNA backbone
had been cleaved. That the 32P counts were
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FiG. 5. Paper chromatogram of [*H]cylosine-
labeled DN A treated with bleomycin

The reaction mixtures contained 103 ug/ml of
[*H]cytosine-labeled DNA, 25 mm 2-mercapto-
ethanol, and bleomycin as follows: O, control, no
bleomycin; A, 25 mg/ml of bleomycin; O, acid-
hydrolyzed DNA. One-tenth milliliter of each
reaction mixture was spotted. The stippled bars
indicate the positions of the authentic labeled
compounds.

not solubilized to the same extent as the
tritium counts can be explained by the fact
that B. subtilis DNA preparations are con-
taminated with small amounts of phos-
phorus-containing teichoic acids, which are
not solubilized by bleomycin (14, 15). The
results of Fig. 3 also support the contention
that the backbone of DNA was indeed
broken, since 70 % of this DNA, labeled ex-
clusively in the deoxyribose portion of
thymidine, became trichloracetic acid-solu-
ble after reaction with bleomycin.

When DNA labeled with P and [*H]thy-
mine was allowed to react with high concen-
trations of - bleomycin and subjected to
paper chromatography (Fig. 3), only one
peak, corresponding to [*H]thymine, was ob-
served. Since none of the *P counts migrated
from the origin, it is assumed that no free
nucleotides, deoxyribose phosphate, or in-
organic phosphate were released as a result
of the action of the drug.

The results shown in Fig. 4 establish that
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F16. 6. Paper chromatogram of [“Clguanine-
adenine-labeled DN A (reated with bleomycin

The reaction mixtures contained 90 ug/ml of
[“Clguanine-adenine-labeled DNA, 33 mm 2-
mercaptoethanol, and bleomycin as follows:
O, control, no bleomycin; A, 50 mg/ml of bleo-
mycin; l, acid-hydrolyzed DNA. One-tenth milli-
liter of each reaction mixture was spotted. The
stippled bars indicate the positions of the authen-
tic labeled compounds.

when B. subtilis was grown in the presence of
[2-deoxyribose-5-*H]thymidine the tracer was
incorporated directly as the deoxyribose of
thymidine and not interconverted, since en-
zyme hydrolysis yeielded only one peak in
the position expected for thymidylic acid
while no peaks were observed after acid hy-
drolysis. Similarly, no peaks were observed
after reaction of this DNA with bleomycin.
Thus no detectable amount of thymidine or
deoxyribose was released. Similar experi-
ments could not be performed easily for the
other nucleosides, since these specifically la-
beled compounds were not available. How-
ever, we have no chromatographic evidence
of any nucleoside being released after bleo-
mycin action.

The results of paper chromatograms (Figs.
5-7), using DNA preparations labeled with
cytosine, guanine, and adenine, are similar
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FiG. 7. Paper chromatogram of [*Hladenine-
labeled DN A treated with bleomycin

The reaction mixtures contained 45 ug/ml of
[*H]adenine-labeled DNA, 33 mm 2-mercapto-
ethanol, and bleomycin as follows: O, control,
no bleomycin; A, 50 mg/ml of bleomycin; W, acid-
hydrolyzed DNA. One-tenth milliliter of each
reaction mixture was spotted. The stippled bar
indicates the position of the authentic labeled
compound.

to the results obtained using thymine-la-
beled DNA. The peaks observed after bleo-
mycin treatment always co-chromato-
graphed with the acid-hydrolyzed DNA
as well as with the authentic bases. Thus
there is strong evidence that all four
bases of DNA were released after bleomy-
cin treatment. Unfortunately the amounts
of bases released were insufficient to per-
form spectral analyses. Although about 80 %
of the DNA became soluble in trichlor-
acetic acid, only a small proportion of this
amount (5-10%) was released as free base.
Our results are consistent with the idea that
bleomyecin acts as an alkylating agent. It is
likely that the drug acts primarily to remove
bases from the DNA, with the subsequent
spontaneous cleavage of the phosphodiester
backbone. It is known that DNA which is
depurinated by alkylating agents is labile
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and can spontaneously degrade under mild
conditions (16). This cannot be definitely
established for bleomycin-treated DNA at
this time, because of the rapid reaction rate.
The failure of bleomycin to release base from
nucleotide and nucleoside is also consistent
with the alkylating agent hypothesis (16).
Whether or not bleomycin acts as an alkylat-
ing agent is still open to question, since al-
kylated bases have not been observed. How-
ever, the DNA, like alkylated DNA, would
still be labile and subject to spontaneous deg-
radation after removal of bases.

We are currently studying the nature of
the trichloracetic acid-soluble material, other
than free-base, as well as the small molecu-
lar weight, acid-insoluble material which re-
mains after bleomycin action. This small
molecular weight, acid-insoluble material
seems to be resistant to further action of
bleomyecin.

The fact that high bleomycin concentra-
tions are required to demonstrate the re-
lease of free bases is, at least partially, the
result of the inability to detect small amounts
of radioactivity. Considerable quenching of
the radioactivity released occurred in this
paper chromatographic system. In addition,
DNA of higher specific activity should re-
quire less antibiotic to demonstrate the re-
lease of free bases. However, the use of high
bleomycin concentrations seems justified,
since this drug has been used in rather high
concentrations in the treatment of human
malignancies (17).
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