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ABSTRACT: When poly(dA- [4’-3H]dU) was degraded by activated bleomycin under a variety of conditions, 
50 f 10% of the deoxyuridine residues were converted to uracil and uracil propenal, paralleling observations 
made with DNA. By manipulation of the concentration of O2 in solution, the relative ratio of uracil propenal 
to uracil could be varied between 0.03 for anaerobic activation and 7.0 for activation at 3 atm of 02. Tritium 
selection effects on 4’-hydrogen abstraction were also measured under these conditions and found to range 
from 7.2 to 12.5. These results strongly suggest that the formation of both uracil and uracil propenal is 
the consequence of a rate-determining 4’-carbon-hydrogen bond cleavage and of an 02-dependent partitioning 
of the intermediate produced by this cleavage. 

%e bleomycins, a glycopeptide-derived class of antibiotics, 
have a well-established ability to degrade DNA. The reaction 
requires metal ions, such as Fe(I1) or Cu(I), and 0, and yields, 
as monomeric products, free nucleic acid bases and base 
propenals’ (Figure 1) (Kuramochi et al., 1981; Burger et al., 
1980, 1981; Sausville et al., 1976; Oppenheimer et al., 1981; 
Rodriguez & Hecht, 1982; Giloni et al., 1981; Ehrenfeld et 
al., 1985). In addition, Burger et al. (1982) have demonstrated 
that Fe(II1) and H 2 0 2  under anaerobic conditions can also 
activate bleomycin and yield, upon interaction with DNA, 
exclusively free base. Base propenal formation has been 
proposed to result from a radical abstraction of the hydrogen 
from the C-4’ position of the deoxyribose moiety by the ac- 
tivated bleomycin followed by formation of an unstable 4’- 
hydroperoxide (Giloni et al., 1981). The hydroperoxide was 
proposed to decompose to afford DNA strand scission and the 
base propenal. Subsequent important studies by Burger et al. 
(1982) suggested that base propenal formation was stoichio- 
metric with DNA scission and required additional 02. Free 
base release appeared to require no additional O2 beyond that 
required for bleomycin activation and was stoichiometric with 
the formation of alkaline-labile sites. 

Using poly(dA-dU), specifically tritiated at defined positions 
of the deoxyribose of the deoxyuridine, as a DNA model probe, 
we reported a bleomycin-catalyzed labilization of the 4’-hy- 
drogen in the presence of Fe(I1) and O2 (Wu et al., 1983). 
These results also suggested a potentially large primary se- 
lection effect against tritium abstraction from the 4‘-position. 
At that time we were unable to resolve whether the abstraction 
resulted only in the formation of base propenal, as previously 
proposed by Giloni et al. (1981), or led to the production of 
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both base propenal and free base. The reason for the ambi- 
guity rested on the fact that both calculated isotope effects 
were experimentally possible. In this paper we resolve this 
ambiguity in two ways. First, the conditions of the reaction 
of bleomycin and poly(dA- [4’-3H]dU) result in a degradation 
of a sufficient percentage of deoxyuridine moieties as to allow 
an unambiguous determination of the isotope effect by mea- 
surement of the specific activity of the residual deoxyuridine. 
Second, we establish that the isotope effect for 4‘-hydrogen 
abstraction does not vary in a series of different reaction 
conditions that produce a spectrum of relative yields of free 
uracil and uracil propenal. 

MATERIALS AND METHODS 
dATP, dUTP, poly(dA-dU), phosphodiesterase I, and 

phosphodiesterase I1 were purchased from P-L Biochemicals. 
Malondialdehyde bis(dimethy1 acetal) was from Aldrich. 
Alkaline phosphatase (calf intestine) and 2-thiobarbituric acid 
were obtained from Sigma. DNA polymerase I, DNA po- 
lymerase I large fragment (Klenow fragment), and exonuclease 
I11 were purchased from New England Biolabs. [5-3H]dUTP 
was obtained from Moravek Biochemicals. Ribonucleoside- 
triphosphate reductase from Lactobacillus leichmanii was 
purified according to a modification of published procedures 
(Harris et al., 1984). Uridine phosphorylase (9.3 units/mg) 
and purine-nucleoside phosphorylase (40 units/mg) were the 
gifts of Dr. T. A. Krenitsky, Wellcome Research Laboratories 
(Ator et al., 1983). S-Adenosylhomocysteine hydrolase (SAH 
hydrolase, 0.65 unit/mg) was the gift of Dr. R. H. Abeles, 
Brandeis University. Bleomycin (Blenoxane) was the gift of 
Bristol Laboratories. 

I Trivial names and abbreviations: base propenal, the poly(dA-dU) 
products 3-(uracil-l’-yl)-2-propenal and 3-(adenin-9’-yl)-2-propenal; 
EDTA, ethylenediaminetetraacetic acid; HPLC, high-pressure liquid 
chromatography; AdoCbl, (5’-deoxyadenosyl)cobalamin; EHNA, eryrh- 
ro-9-(2-hydroxy-3-nonyl)adenine; SAH hydrolase, S-adenosylhomo- 
cysteine hydrolase. 
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conversion of UTP to dUTP, an aliquot (1 pL) was removed 
and treated with 100 pL of 0.06 M ethanolamine (pH 10.5) 
containing 2 units of Escherichia coli alkaline phosphatase 
for 1.5 h at 37 OC. The mixture was analyzed for uridine and 
deoxyuridine on an ODs-1, CIB reverse-phase HPLC column 
with H 2 0  as the mobile phase (compound, retention time: 
uridine, 8 min; deoxyuridine, 15 min). The reaction mixture 
was then diluted and placed on a DEAE-Sephadex A-25 
column (1.5 X 17 cm) and eluted with a 500-mL linear gra- 
dient from 0 to 0.8 M triethylammonium bicarbonate. The 
appropriate dUTP fractions were pooled and desalted in vacuo. 

Synthesis of Poly(dA-dU) Copolymer. Poly(dA-dU) was 
prepared by the action of the large fragment of E .  coli DNA 
polymerase I under the conditions of Setlow et al. (1972). 
Reactions contained 67 mM potassium phosphate (pH 7.4), 
6.7 mM magnesium chloride, 1 mM 2-mercaptoethanol, 1 3 0  
pM poly(dA-dU) as primer, 0.25 mM dATP, 0.25 mM dUTP 
or [4’-,H]dUTP, and DNA polymerase I large fragment (10 
units/mL). The reactions were maintained at 37 OC and were 
monitored by the decrease in absorbance at 260 nm in a 3-mm 
path-length cell. When the absorbance ceased to decrease 
(2-10 h depending on the length and concentration of primer 
used), EDTA was added (10 mM final concentration) and the 
DNA was washed with two-thirds volume of phenol equili- 
brated in 10 mM Tris-HC1 (pH 7.5) containing 1 mM EDTA. 
The phenol phase was extracted once with an equal volume 
of buffer and the aqueous portions from the two washes were 
combined. When the total volume of the DNA was large (>lo 
mL), it was first reduced by repeated extraction with 2-butanol 
to remove excess H 2 0  without any loss of DNA copolymer. 
Residual organic solvents were removed by ether extraction. 
The final DNA solution was dialyzed against 20 volumes of 
1 M NaCl in Tris-HC1-EDTA buffer (10-16 h), followed by 
three changes of buffer without NaCl (8-10 h each). The 
dialyzed poly(dA-dU) was made 0.3 M in NaAc, precipitated 
with ethanol, and dissolved in a small volume of 10 mM so- 
dium phosphate (pH 7.5) to give a final copolymer concen- 

The copolymer was stored at 4 “C. Final yields of 60-80% 
incorporation of nucleotides were achieved on the basis of UV 
absorbance and radioactivity measurements. The size of the 
copolymers in any given perparation was 1 2 0  000 base pairs 
as determined by agarose gel electrophoresis (data not shown). 

Determination of the Specific Activity of [4‘-,H] Deoxy- 
uridine in Poly(dA-dU). Poly(dA- [4’-,H]dU) was degraded 
into deoxyribonucleosides in a reaction mixture that contained 
2-5 mM copolymer, 66 mM Tris-HC1 (pH 8.l), 5 mM MgC12, 
2 mM 2-mercaptoethanol, exonuclease I11 (300 units), 
phosphodiesterase I (1.5 units), phosphodiesterase I1 (0.1 unit), 
and calf intestine alkaline phosphatase (30 units). Reaction 
volumes varied from 100 to 200 pL. Samples were incubated 
at 37 OC, and the reaction was terminated (5 h) by the addition 
of EDTA (10 mM final concentration). The proteins were 
precipitated by heating the solutions at 95 OC for 10 min and 
were subsequently removed by centrifugation. The deoxy- 
ribonucleosides liberated by the enzymes were initially sepa- 
rated from partial degradation products on a SAX anion-ex- 
change HPLC column. Elution of the column with H 2 0  
yielded the deoxyribonucleosides, which eluted near the void 
volume while nucleotides and oligonucleotides were retained. 
The deoxyribonucleoside fraction was concentrated, and the 
[4’-3H]deoxyuridine was purifed on a CIB reverse-phase HPLC 
column (Rainin Microsorb Short-One) by elution with 5% 
methanol in H20 .  The radioactivity of the purified product 
was measured and its specific activity determined by a con- 

tration of 110  mM in nucleotides (€260 = 7.5 X lo3 M-I cm-’ ). 

O H  0 

o= 6-0” 0=;-oe 

0- 0- 

FIGURE 1: 4’-Hydrogen abstraction by bleomycin to form free base 
and base propenal from DNA. When the 4’-position is labeled with 
tritium, 3H20 is also produced. 

Synthesis of [4‘-3H]dUTP. ( A )  Preparation of [4’-,H]- 
Adenosine. A typical reaction mixture of 0.422 mL contained 
0.4 mL of ,H20 (1 Ci/mL), 3 mM EHNA, 0.5 M potassium 
phosphate (pH 7.3), and 0.08 unit of SAH hydrolase. After 
15 min, 2.1 mg of adenosine (previously lyophilized from H20) 
was added, and the mixture was incubated overnight. The 
adenosine slowly dissolved, resulting in a homogeneous solution 
by the end of the incubation period. The ,H20  was then 
removed by bulb to bulb distillation. This process was repeated 
until H 2 0  in the distillate had no detectable radioactivity. The 
purity of the adenosine was determined by HPLC using an 
ODs-1, C18 reverse-phase column with 12% methanol-water 
as the mobile phase (compound, retention time: inosine, 3 min; 
adenosine, 9 min). The specific activity of the recovered 
adenosine was 4 X lo6 cpm/pmol. 

( B )  Preparation of [4’-3H] Uridine. A typical incubation 
mixture of 2.0-mL final volume contained 5.0 mM [4’-3H]- 
adenosine (4 X lo6 cpm/pmol), 50 mM uracil, 0.02% NaN,, 
1 mM potassium phosphate (pH 7.4), 1.4 units of uridine 
phosphorylase, and 0.8 unit of purine-nucleoside phosphorylase. 
Uridine phosphorylase and purine-nucleoside phosphorylase 
were desalted by placing 2 pL (1.4 units) of the former and 
2 pL (0.8 unit) of the latter in an Eppendorf tube that was 
centrifuged for 1 min. The supernatant was removed with a 
paper tissue and the pellet resuspended in 50 pL of 1 mM 
potassium phosphate (pH 7.4). The resulting solution was 
added to the above reaction mixture, which was allowed to 
incubate for 3 days at 37 OC. At that time the reaction had 
reached equilibrium as judged by HPLC analysis on ODs- 1, 
CI8  reverse-phase chromatography [ H 2 0  for 9 min followed 
by a 0-30% CH,OH gradient for 5 min (flow rate 1.7 mL/ 
min); compound, retention time: uracil, 3.8 min; uridine, 4.3 
min; adenosine, 10.1 min; adenine, 1 1.1 min] . The pH of the 
solution was then adjusted to 10.8 with 1 M N H 4 0 H  and the 
entire mixture loaded onto a 0.5 X 5 cm Dowex-1 formate 
column. The column was washed with H 2 0  until A260 reached 
base line. This procedure removed 4.2 pmol of adenosine that 
was free of adenine, uracil, and uridine as judged by HPLC 
analysis. The uridine, uracil, and adenine were eluted from 
the Dowex column with 75 mL of 0.1 M ammonium formate. 
The effluent was concentrated in vacuo and placed on a 
Sephadex G-10 column (1.5 X 50 cm) in H20 .  [4’-,H]Uridine 
was separated from uracil and adenine by this procedure, 
resulting in the recovery of 4.3 pmol (4 X lo6 cpm/pmol), in 
43% yield on the basis of adenosine. 

The uridine was converted to 5’-UMP by the POCl,/PO- 
(OEt), procedure of Yoshikawa et al. (1967). The mono- 
phosphate was converted to the triphosphate with bis(tri-n- 
buty1ammonium)pyrophosphate and 1 , 1’-carbonyldiimidazole 
(Hoard & Ott, 1965). 

(C) Conversion of [4’-3H]UTP to [4’-,WdUTP. A typical 
reaction mixture of 0.5 mL contained 30 mM dithiothreitol, 
1 mM EDTA, 0.5 M potassium phosphate (pH 7.8), 1 M 
NaAc, 12 pM AdoCbl, 1.5 pmol of [4’-3H]UTP (8 X lo5 
cpm/pmol), and 0.33 mg of ribonucleoside-triphosphate re- 
ductase from L. leichmanii (0.12 pmol min-’ mg-’ with UTP). 
The reaction was incubated for 3 h at 37 OC. To ensure 100% 
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comitant UV absorbance reading (e2@ = 10.1 X lo3 M-’ cm-’ ). 
Bleomycin-Poly(dA-dU) Reaction Conditions. To effect 

variations in product partitioning, five different reaction 
conditions were employed in these experiments: 

( A )  Standard Reactions under Normal Atmosphere. A 
typical reaction (200 pL) contained 1.0-2.0 mM poly(dA-dU), 
1.2 mM bleomycin, 1.1 mM ferrous sulfate, and 10 mM so- 
dium phosphate (pH 7.5). The reactions were initiated by the 
addition of freshly prepared ferrous sulfate and incubated for 
30 min at 0 OC. Aliquots (50 wL) were immediately analyzed 
for products by HPLC. Control reactions did not contain 
bleomycin. 

( B )  Incremental Addition of Fe(Il). The concentration of 
bleomycin in these reactions was decreased to 0.6 mM. In lieu 
of initiation by a single addition of Fe(II), ferrous sulfate (5.5 
mM) was added in small aliquots over a period of 30-45 min 
at 0 OC to give a final concentration of 1.1 mM. This method 
produced the most consistent yields of monomeric products. 

(0 0, or Air Bubbling under Normal Atmosphere. Re- 
actions conditions were identical with those described in (B) 
but with H,O-saturated O2 or air constantly bubbled into the 
reaction solutions at a moderate rate through a 22-gauge 
hypodermic needle. 

( D )  0, Bubbling with Increased Pressure. Reactions were 
conducted in the same manner as in (C), but the reaction 
vessels were maintained in a modified Amicon pressure fil- 
tration chamber that permitted constant O2 bubbling and 
incremental addition of Fe(I1) into the reaction solutions under 
elevated pressures of 3 atm or greater at 0 OC. 

( E )  Anaerobic Reactions. Anaerobic reaction conditions 
were similar to those described by Burger et al. (1981). 
Reactions (50 pL) contained 1.0-2.0 mM poly(dA-dU), 0.6 
mM bleomycin, 0.5 mM ferric ammonium sulfate, and 10 mM 
sodium phosphate (pH 7.5). The reactions were sealed in a 
septum-stoppered flask at room temperature and were con- 
stantly purged with argon filtered through Fieser’s solution 
(Fieser, 1924). Argon-purged H 2 0 2  (40 mM) was injected 
into the reactions in 10-min intervals over a period of 1.5 h, 
until a final concentration of 8 mM peroxide was achieved. 
Reactions were analyzed for products 30 min after the last 
H202 addition. Control reactions did not contain bleomycin. 

Heat Treatment of Completed Reactions. To a reaction 
sample (50 pL) were added 0.1 M EDTA (5 pL) and 1 M 
NaOH (2.5 HL). The solution was heated for 1 h at 95 OC 
in a 2-mL sealed polypropylene tube, cooled, and then briefly 
centrifuged. The sample was diluted to 1 mL with 0.1 M 
sodium phosphate (pH 7.5) and CaCI, (0.2 M final concen- 
tration) and filtered through a Millipore syringe. The reaction 
H 2 0  was distilled and the radioactivity in the distillate de- 
termined by scintillation counting. Evaporation of sample from 
the sealed tubes during the heating process was found to be 
negligible. 

Determination of the Specific Activity of Unreacted [4’- 
’H]  Deoxyuridine from Bleomycin-Poly(dA-dU) Reactions. 
Poly(dA- [4’-’H]dU) from a completed reaction was precipi- 
tated by the addition of 0.1 volume of 3 M sodium acetate and 
3 volumes of ethanol. The suspension was cooled in a dry 
ice-acetone bath for 5 min and centrifuged (12000g, 5 min). 
The precipitated material was dissolved in buffer and degraded 
into deoxyribonucleosides, whose specific activity was deter- 
mined as described above. 

Calculation of the Isotope Effect. The primary tritium 
isotope effect, kH/kT, was calculated in two ways (Melander 
& Saunders, 1980). The first method was based on mea- 
surements of the formation of product (3H20); the second, on 
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FIGURE 2: (A) Sephadex G-10 chromatography (H20 elution) of a 
bleomycin-poly(dA- [5-3H]dU) reaction (condition A under Materials 
and Methods) using tritium (0) and thiobarbituric acid (A) analysis. 
(B) C,, reverse-phase HPLC of the low molecular weight fractions 
from the G-10 column in (A). A 5-wm particle size (4.6 mm X 25 
cm) column was used with a gradient of 0-40% methanol in H20 in 
20 min. Flow rate was 1 mL/min. 

measurement of the specific activity of the unreacted [4’- 
3H]deoxyuridine reisolated from a completed reaction. In the 
first case, assuming that all of the products of the breakdown 
of deoxyuridine from poly(dA-dU) were in the form of uracil 
and uracil propenal, eq 1 is valid. To is the total amount of 

(1) 

tritium in the reaction (cpm); So is the initial specific activity 
of the [4’-3H]deoxyuridine in the copolymer (cpm/nmol); U 
and UP are the amounts of uracil and uracil propenal formed 
in the reaction (nmol), respectively; Th is the amount of tritium 
released into solvent (cpm). 

In the second method, eq 2 is valid. S is the specific activity 

(2) 

kH In [ 1 - (u + UP)so/ To] _ -  - 
kT In (1 - Th/TO) 

In [ l  - (U + UP)So/To] 
In (S/So) + In [ I  - (U + UP)So/To] 

- kH 
kT 
_ -  

of the unreacted [4’-3H]deoxyuridine from the bleomycin- 
catalyzed reaction (cpm/nmol). 

RESULTS AND DISCUSSION 
Analysis of Products of BleomyciwPoly(dA-dU) Reactions. 

Preliminary experiments using poly(dA- [ 5-3H]dU) afforded 
a product profile upon reaction with bleomycin analogous to 
that observed for native DNA (Giloni et al., 1981). Figure 
2A shows the Sephadex G- 10 chromatography of a typical 
reaction. The column separated oligomeric products and 
undegraded material (4-6 mL) from the major monomeric 
species, uracil and uracil propenal (10-15 mL). Further 
fractionation by HPLC of the combined low molecular weight 
product peak from the G-10 column resolved uracil from uracil 
propenal (Figure 2B). The procedure of gel filtration chro- 
matography followed by reverse-phase HPLC was used to 
obtain pure uracil propenal (&,,= 294 nm; €294 = 3.1 X lo4 M-’ 
cm-’). Figure 3 shows the direct analysis of a reaction mixture 
by HPLC. The effluent was monitored at both 260 and 294 
nm. Uracil elutes at 3 min, followed by a broad copolymer 
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system using Fe(II1) and H202 to produce exclusively free 
base, we undertook to reproduce this reaction by using poly- 
(dA-dU) as substrate. Furthermore, we examined the pos- 
sibility that, in contrast to conditions of limited molecular 
oxygen supply, raising the amount of dissolved oxygen in a 
reaction may produce the opposite effect, that is, increased 
base propenal formation at the expense of free base production. 
Figure 4 shows the HPLC and product ratios of bleomycin- 
poly(dA-dU) reactions performed under varying degrees of 
oxygen tension, ranging from the anaerobic condition to 3 atm 
of 02. The data demonstrate a marked dependence of the 
product ratio on the oxygen tension. In an anaerobic reaction 
activitated by the Fe(III)-H202 system (Figure 4A), uracil 
is the predominant product with an overall yield of 50 f 10% 
on the basis of the initial amounts of deoxyuridine. Uracil 
propenal was nearly undetectable (<I%).  At the other ex- 
treme, the HPLC of a reaction performed in a pressurized 
chamber at approximately 3 atm of O2 is shown in Figure 4D. 
In this case, the overall yield of uracil propenal and uracil is 
also 50 f 10%; however, the amount of uracil propenal exceeds 
that of uracil by nearly IO-fold. The actual magnitude of this 
ratio may be greater than this value since uracil propenal 
decomposes to yield uracil and malondialdehyde. Figure 4B,C 
presents the results of reactions conducted at intermediate O2 
concentrations. At an estimated [02] of 0.45 mM, a product 
ratio of 2.0 was observed (Figure 4B). This value is repre- 
sentative of those found under usual aerobic conditions. When 
air bubbling is omitted, the product ratio varies from 0.3 to 
1.0 (data not shown). When pure oxygen is bubbled through 
the reaction at 1 atm, the yield of uracil propenal was enhanced 
to about 5 times that of uracil (Figure 4C). In these cases, 
the extent of reaction was similar to the extreme conditions. 

0 3 0 1  0 60 

Ttme (mtn) 

FIGURE 3: Reversephase HPLC of a bleomycin-ply(dA-dU) reaction 
(condition A) on a 3 - p n  particle size, Rainin Microsorb Short-One 
C1b columm (see Materials and Methods). Flow rate was 1 mL/min. 
Note difference in scale for 

peak (9-16 min). Uracil propenal elutes in a sharp peak along 
with the copolymer at  12 min. This contamination does not 
affect the quantitation of uracil propenal because the comi- 
grating DNA does not have measurable absorbance at 294 nm 
nor does it significantly react with thiobarbituric acid. Finally, 
adenine propenal (X,,, 260 nm) occurs at 14 min. Adenine 
elutes at 19 min and, in most cases, was negligible in amount. 
Normalization of the extinction coefficients and absorption 
maxima for the uracil- and adenine-containing products yields 
a relative product ratio of approximately 8: 1, respectively. 
Bleomycin elutes from this column only after extensive washing 
by methanol. 

Effect of Oxygen Concentration on the Partitioning between 
Uracil and Uracil Propenal. In light of the report of Burger 
et al. (1982) that bleomycin can be activated in an anaerobic 

and 
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FIGURE 4: HPLC demonstrating the oxygen dependence of product partitioning between uracil and uracil propenal from poly(dA-dU) degraded 
by bleomycin. (A) Anaerobic reaction catalyzed by bleomycin, Fe(III), and H 2 0 2  (reaction condition E under Materials and Methods). Note 
ordinate difference. (B) Aerobic reaction carried out with air bubbling at  1 atm (condition C). (C) O2 bubbling under condition C. (D) 
O2 bubbling with pressure increased to 3 atm (condition D). The uracil propenal to uracil ratio (U-P/Ura) for each reaction is displayed on 
the upper portion of the appropriate chromatogram. 
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Table I: Tritium Release from a Bleomycin-Poly(dA- [4’-’H]dU) 
Reaction (+BLM) and a Control Reaction without Bleomycin 
(-BLM)“ 

+BLM -BLM 
total deoxyuridine 32.2 28.6 
uracil (nmol) 10.2 ND 
uracil propenal (nmol) 8.9 ND 
W20 [cpm (nmol)lc 530 (2.5) 15 (0.07) 
3H20, 95 “C, OH- [cpm (nmol)] 599 (2.6) 23 (0.1) 
kHlkTd 11.0 

”Condition A under Materials and Methods was used. bProduct 
yields are expressed as amounts per 50-pL reaction. Molar yields of 
tritium were calculated from an initial specific activity of 210 cpm/ 
nmol for the [4’-’H]dUrd in the copolymer starting material. “From 
eq 1. 

Table 11: Specific Activity (S) of Unreacted [4’-3H]Deoxyuridine 
from Bleomvcin-Treated and Control Reactions” 

+BLM -BLM 
total deoxyuridine (nmol) 35.2 31.4 
uracil (nmol) 8.5 ND 
uracil propenal (nmol) 12.4 ND 
S (cum/nmol) 513 209 
S expected (cpm/nmol)b 478 210 

Values are normalized to 5O-uL reaction as in Table I. From ea 2 
using k H / k T  = 11. 

The data described above support our previous proposal that 
free base and base propenal are formed from a common in- 
termediate, perhaps a 4‘-radical species, which can be driven 
to either product depending upon the availability of additional 
oxygen (Wu et al., 1983). Most importantly, the results af- 
forded a variety of reaction conditions with which to examine 
4‘-hydrogen abstraction by using poly(dA- [4’-3H]dU) as a 
probe for the determination of tritium selection effects. 

Tritium Release into Solvent. Initial results suggested that 
the release of tritium from p0ly(dA-[4’-~H]dU) was caused 
by direct abstraction of the 4’-hydrogen by activated bleomycin 
and not by a possible exchange phenomenon (Wu et al., 1983). 
A distinction can be made between these mechanisms of re- 
lease of 3H20  by incubation at pH 10; the former should not 
be base-sensitive, while the latter should be base-catalyzed. 
Table I indicates that the total amount of tritium released into 
solvent could not be increased by vigorous treatment with heat 
and strong alkali. This contrasts with the results using the 
3’- and 5’-tritiated copolymers, which will be discussed in the 
following paper (Wu et al., 1985). Thus, 4’-tritium release 
does not exhibit base-catalyzed exchange and is due to direct 
abstraction. Therefore, from eq 1 a primary isotope effect of 
11 was calculated for this experiment. Control experiments 
indicated that neither particulate flyover during the distillation 
procedure nor thiobarbituric acid reactive material, which 
would have indicated codistillation of free malondialdehyde, 
was problematic. 

Specific Activity of Unreacted [4‘-3H] Deoxyuridine. The 
large extent of reaction (50 f 10%) permitted a determination 
of the isotope effect by measuring the increase in specific 
activity of the remaining substrate. The specific activity of 
the [4’-3H]deoxyuridine isolated by the procedure described 
under Materials and Methods was used in subsequent calcu- 
lations of the isotope effect. In Table I1 the specific activity 
of unreacted [4’-3H]deoxyuridine from a bleomycin reaction 
is shown with the data from a control reaction performed 
without bleomycin. Partial degradation by bleomycin yielded 
deoxyuridine having nearly 2.5 times its initial specific activity. 
In this experiment, a fractional yield of 0.60 was measured, 
and according to eq 2, an expected specific activity of 478 
cpm/nmol was calculated by assuming an isotope effect of 11. 
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FIGURE 5 :  Dependence of the ratio of the final specific activity (S) 
to the initial specific activity (So) on the fractional extent of reaction 
U, at different values of k H / k T .  Horizontal bars indicate, a t f =  0.5, 
a range of &IO% experimental error in product determinations. 
Vertical bars represent a * 5 %  range of values for S/&. Curves were 
derived from eq 2. 

This number is 7% smaller than the experimental value of 5 13 
cpm/nmol. 

Determination of the Primary Isotope Effect for  4’-Hy- 
drogen Abstraction. To obtain the most accurate value of 
kH/kT from our results, both eq 1 and 2 were employed for 
several reasons. First, because of limited materials and the 
nature of the bleomycin-catalyzed reaction, only completed 
reactions were analyzed for the formation of products, for the 
release of tritium, and for the specific activity of recovered 
starting material. This restricts the data to single points on 
a reaction coordinate, which maximally yields only 60% 
product formation. Second, the experimental error in the 
determination of the extent of reaction (based on spectro- 
photometric quantitation of uracil propenal and uracil) is 
approximately 10%. Third, although eq 1 is relatively in- 
sensitive to small inaccuracies in the extent of reaction, eq 2 
is extremely sensitive. Figure 5 demonstrates the effect of 
experimental error on the calculation of kH/kT by eq 2. For 
a large selection effect (e.g., kH/kT = 12), a variability of 
f10% in the fractional extent of reaction 0 and -+5% in the 
specific activity ratio (S/So) can generate values of kH/kT 
ranging from 4 to infinity. In an extreme case where the extent 
of reaction is underestimated by 10% (for f = O.S), the value 
of S/So would be placed beyond the theoretical limit curve 
(kH/kT = a), resulting in the calculation of a negative isotope 
effect by eq 2. For smaller selection effects (e.g., kH/kT = 
2 or 4), the calculated effect will tend to stay within narrower 
limits. For example, for kH/kT = 2, the calculated value based 
on error limits described above will range from 1.5 to 3. In 
light of the large selection effect operative in the bleomycin 
reaction, our data often yielded negative isotope effects by eq 
2 alone. This fact, by itself, indicates that the real isotope 
effect for 4’-hydrogen abstraction is greater than 6 if the limits 
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Table 111: Determination of the Primary Isotope Effect for the Abstraction of the 4’-Hydrogen from Poly(dA-[4’-’H]dU) under Various 
Conditions’ 

uracil extent of 
propenal reaction 

reaction conditionb uracil (nmol) (nmol) (fractional) ’H,O (cpm) S (cpm/nmol)c kH/kT (eq kH/kT (adjusted)c 
A (0 “C) 6.6 8.3 0.35 451 416 7.8 10.9 
A (0 “C) 10.8 3.9 0.33 456 38 1 6.7 10.4 
A (0 “C) 8.7 9.5 0.50 459 478 9.5 12.5 

E (25 “C) 17.2 0.4 0.58 758 466 6.5 7.2 
D (0 “C) 2.0 14.2 0.5 1 479 449 9.9 10.8 

“Uracil, uracil propenal, and ’H20 yields are expressed as amounts per 50-pL reaction. bSee Materials and Methods for reaction conditions A, 
D, and E. c S  is the specific activity of unreacted [4’-3H]deoxyuridine from the reaction. So was determined individually for each experiment from 
a control reaction without bleomycin. The mean value of So for these experiments was 195 cpm/nmol. dDerived from eq 1 .  CDerived from eq 1 ,  2, 
and 4 as described under Results and Discussion. 

of error described in Figure 5 are enforced. The increase in 
the specific activity of deoxyuridine is clearly dependent upon 
the extent of reaction u> as determined by the formation of 
both uracil and.uraci1 propenal and not uracil propenal alone 
(Figure 6). The data (closed circles) correlate well with 
theoretical curves for large selection effects. However, the 
problems associated with eq 2 as discussed above result in 
variable k, /k ,  values. 

Therefore, we chose another way to refine the calculation 
of the selection effect. All of the experimentally measured 
variables may be related to each other by setting eq 1 equal 
to eq 2 which yields 

TO - Th 
S =  

TO/SO - (V + UP) (3) 

where S is the specific activity of unreacted deoxyuridine 
derived from the amount of nonvolatile tritium divided by the 
amount of unreacted starting material (deoxyuridine). In 
practice, an error term ( R )  must be introduced to the dif- 
ference between the left and right terms of eq 3 such that 

- s  TO - Th 

To/So - (U + UP) 
R =  (4) 

By adjusting experimental values according to R within the 
limits of experimental error described above, an accurate value 
for the selection effect can be calculated such that both eq 1 
and 2 are satisfied. 

Table I11 shows the data from five experiments performed 
under some of the conditions described under Materials and 
Methods. The kH/kT values in the far right column represent 
the best estimate on the basis of the results and eqs 1, 2, and 
4. The value of 7.2 from the Fe(III)-H20, reaction is lower 
than that obtained from the other reactions. Unlike the other 
cases examined, this reaction was performed at 25 “C due to 
the slow rate of activation of bleomycin at 0 O C  under these 
conditions. Theoretical calculations of the temperature de- 
pendence of large primary isotope effects suggest in general 
that an elevation in temperature results in a lowering in the 
observed effect (Vogel & Stern, 1971). In addition, kinetic 
differences in the activation of bleomycin by the Fe(III)-H202 
system and the possibility of a different activated species might 
also result in differences in the observed effect. Nevertheless, 
the k H / k T  of 7.2 clearly indicates a rate-determining 4’-hy- 
drogen abstraction. 

The conditions described in Table I11 afford a range of 
relative uracil propenal to uracil ratios from 0.03 [Fe(III) + 
H202] to 7.0 [Fe(II) + O2 (3 atm)]. The calculated selection 
effects demonstrate conclusively an independence from the 
relative product yield of the reactions. The data yield a mean 
kH/kT  of 11.1, which is within the range of known primary 
isotope effects for tritium. That the magnitude of this effect 
is unaffected by the relative yields of free base and base 
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FIGURE 6:  Specific activity (S/S,) of unreacted deoxyuridine as a 
function of extent of reaction cr) for six representative bleomycin- 
poly(dA-[4’-’H]dU) reactions (conditions A-E under Materials and 
Methods). The extent of reaction cr) is calculated for uracil propenal 
only (A) and for uracil propenal and uracil (0). The theoretical curve 
represents a kH/kT  of 12 generated from eq 2. 

propenal strongly implicates the 4’-hydrogen abstraction as 
the rate-limiting step in the formation of both products during 
bleomycin-catalyzed degradation of DNA. 

CONCLUSIONS 

We have previously reported that bleomycin catalyzes the 
labilization of the 2’- (ribo configuration), 3’-, and 4‘-hydrogens 
from poly(dA-dU) but not the 1’-hydrogen (Wu et al., 1983). 
On the basis of that evidence, we proposed that the degradation 
of DNA by bleomycin, Fe(II), and O2 occurs via the initial 
abstraction of the 4’-hydrogen of the deoxyribose moiety to 
form a radical intermediate, which can yield either free base 
or base propenal, depending upon the mechanism of quenching 
of this radical (Figure 1). Recombination of the radical with 
an hydroxyl radical equivalent leads to the release of free base 
with the formation of an alkaline-labile site. The 4’-radical 
species upon reaction with additional O2 yields base propenal 
and DNA strand scission (Giloni et al., 1981). In this paper, 
we have furnished evidence for the existence of an intermediate 
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from which both free base and base propenal are derived. The 
ability to drive the reaction toward a nearly exclusive yield 
of base propenal by the manipulation of the O2 concentration 
complements the results from anaerobic reactions with 
Fe(III)-H202 activation (Burger et al., 1982). The overall 
partitioning behavior we have observed strongly suggests a 
common intermediate in the formation of products. 
In our previous paper, we were unable to establish defini- 

tively whether the 4‘-hydrogen abstraction leads to both mo- 
nomeric products. The reason for this was the ambiguity in 
correlating the amount of 4’-tritium released with the amount 
of uracil propenal only or with the total amount of uracil 
propenal and uracil. The determination of the selection effect 
by measurement of the specific activity of the unreacted 
[4’-3H]deoxyuridine is, however, unambiguous and is clearly 
consistent with a bleomycin-dependent, rate-determining 4‘- 
hydrogen abstraction as the unique event leading to products. 
Furthermore, the relatively constant values for the selection 
effect under conditions yielding different product ratios confirm 
our hypothesis that the processes resulting in uracil or uracil 
propenal diverge from a common intermediate generated by 
the hydrogen abstraction. 

We have also completed a detailed study of the bleomy- 
cin-catalyzed tritium release from poly(dA-dU) tritiated at 
the 3’- and 5’-positions of deoxyuridine (Wu et al., 1985). The 
results from those studies suggest the formation of a 4’-ketone 
accompanying free base release. Therefore, it seems certain 
that bleomycin, at least in the iron-catalyzed reaction, prefers 
the abstraction of the 4‘-hydrogen as a first step in DNA 
breakage. 

Registry No. Bleomycin, 1 1056-06-7; poly(dA-dU), 26780-70-1; 
uracil, 66-22-8; uracil propenal, 86798-57-4. 
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