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. Introduction

Bleomycin, unlike most DNA-damaging agents,
attacks neither the nucleic bases nor the phosphate
linkages, even though products of its attack include
both nucleic base derivatives and phosphomonoester
termini. These are final products of a deoxyribose
oxidation that resembles free radical damage of DNA
by ionizing radiation.!~* The resolution of bleomycin
damage differs from that of radiation damage by
producing a narrower spectrum of products. Involve-
ment of iron and reduced oxygen species in bleomycin
action suggested that bleomycin might attack DNA
via oxygen radicals such as hydroxyl. While radical
chemistry almost certainly plays a role in bleomycin
mechanisms, including a putative oxygen-centered
DNA derivative, bleomycin more closely emulates a
micro-oxygenase than a Fenton reaction.

The bleomycins (Figure 1) and their structural
congeners are among the best-understood DNA-
cleaving antibiotics. The first to be studied was
phleomycin, discovered 42 years ago,® followed by
bleomycin,®7 tallysomycin,®® and many others (re-
viewed by Hecht'®). Bleomycins are isolated as
copper complexes from the culture medium of Strep-
tomyces verticillis, but administered to patients in
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metal-free form, which minimizes irritation at the
site of injection. The commercial preparation, called
Blenoxane, a mixture of apo-bleomycins, predomi-
nantly bleomycins A; and By, has found wide clinical
antitumor use,'1? and is being succeeded by conge-
ners such as peplomycin and liblomycin, with milder
cytotoxicity than bleomycin.1314

Early evidence that bleomycin cytotoxicity is medi-
ated by its disruption of DNA in vivo, rather than
through any effect on protein or RNA synthesis, is
consistent with its induction of lysogenic bacterioph-
age in bleomycin-treated bacteria,’®~1° a process
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Figure 1. Bleomycin structures. Different bleomycins
share the structure shown and vary only in the terminal
substituent denoted R. The termini for bleomycins Ay, A,
and peplomycin are shown. Phleomycin has the same
structure as bleomycins except for the lack of conjugation
in one of the thiazole moieties indicated (1). Tallysomycin
is the same as bleomycin except for a talose 1-glycoside at
the position indicated (2) and replacement of the valerate
a-methyl by a hydrogen. The metal ligands are indicated
by a (-), but sometimes the mannose carbamoyl nitrogen
may substitute for that of the f-aminoalanine primary
amine, as shown in Figure 5. From ref 24. Copyright 1996
Elsevier Science and reproduced with their kind permis-
sion.

triggered by DNA damage. The hypothesis that DNA
damage is the primary locus of bleomycin cytotoxicity
is further supported by findings that bleomycin-
treated cells contain DNA broken with the same site-
specificity seen in vitro,?° that bleomycin survivors
are mutagenized,?*~?4 and that DNA repair-deficient
mutants are especially bleomycin-sensitive.?>2¢ There
is evidence of collateral damage however, since bleo-
mycin, once thought to atttack DNA exclusively,?”~2°
has been shown also to attack RNA,%3! cell walls,3?
and small organic molecules in vitro.333* In one
study, a bleomycin degradation product rendered
incapable of attacking DNA was toxic.%®

Bleomycin requires oxygen species and metals as
cofactors, for reasons that are now understood in
considerable detail.?6738 Analysis of bleomycin reac-
tions began with the discovery?®® that the presence of
reducing agents or hydrogen peroxide permits bleo-
mycin to cleave DNA in simple reaction mixtures.
Indications that metals®®~*2 and oxygen species*0~42
were also required led to the demonstration*®4 that
Fe(11) and O, sufficed as bleomycin cofactors for DNA
degradation, forming an Fe(ll)-bleomycin complex
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Figure 2. DNA degradation products. There are two sets
of products, one of frank strand cleavage (A) and one of
oxidative base release (B). The former, including base
propenal, are stable and have been isolated directly; the
later, which include free nucleic base, induce alkali lability
of the injured strand. The proposed product of alkali-
induced cleavage by g-elimination of the 3'-phosphate is
shown. From ref 4. Copyright 1995 Elsevier Science and
reproduced with their kind permission.

that reacted with O,. Further studies showed that
Fe(l11)-bleomycin reacted with peroxide*>6 or super-
oxide*’~9 to give a drug intermediate that degrades
DNA the same way Fe(ll)-bleomycin + O, does.
Thus, bleomycin has several routes to DNA-degrad-
ing competence, but the relative importance of these
routes in vivo is unclear, as is their dependence on
physiological circumstances such as the abundance
of oxygen species.

In vitro DNA degradation has two outcomes®5!
associated with two sets of products.>? One set of
these products includes oligomers terminated by 5'-
phosphate® and 3'-phosphoglycolate moieties.>* The
remainder of the cleaved nucleoside (which yields the
phosphoglycolate) is converted to nucleic base de-
rivatized with deoxyribose carbons 1—3,%2 compounds
characterized as base propenal:®* 3-(pyrimidin-1-yl)-
2-propenals and 3-(purin-9-yl)-2-propenals (Figure 2).
In the earlier literature®>% this is called malondial-
dehyde, so misidentified because both malondialde-
hyde and base propenals give the same derivative
with 2-thiobarbituric acid,>> a chromophore (es3; =
1.6 x 10° which provides a very sensitive and
reproducible assay of bleomycin-induced DNA cleav-
age. The other set of DNA degradation products®?
includes free nucleic base®” and an aglycone deoxyri-
bose product that renders its DNA strand alkali
labile.®0

The reactions between bleomycin and DNA are
somewhat austere: although every bleomycin inter-
mediate observed manifests interactions with DNA,
bleomycin and DNA exchange only electrons, not
atoms. The reactions of bleomycin in activating
oxygen were often studied separately from the reso-
lution of DNA damage. The major gaps in our
understanding occur where the drug activation and
DNA degradation pathways meet; where the inter-
mediate species are the shortest-lived and hardest
to characterize. These intermediates and their reac-
tions are quite interesting, since they may model
inaccessible reactions of other oxidative DNA-cleav-
ers or of the oxygenases and peroxidases that bleo-
mycin seems to emulate.

The reactions enabling iron—bleomycin to attack
DNA will be considered first, followed by the events

0O, independent HO'
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that complete the degradation of DNA. The inter-
vening rapid reactions of bleomycin and DNA, being
the most speculative, are then considered. Reactions
of bleomycin with metals other than iron and targets
other than DNA are addressed last.

ll. Activation of Bleomycin

The dissection of drug activation and DNA degra-
dation pathways proceeded from the observation of
bleomycin activity in vitro.3® The first reaction
pathway of Fe—bleomycin activation to be elucidated
was that of Fe(ll)-bleomycin with O,. It approxi-
mates a single-turnover reaction, since its Fe(lll)-
bleomycin product does not react with O, to initiate
subsequent cycles. The reaction of Fe(ll)-bleomycin
+ O, attacking DNA was initially thought to be
rapid.*3#* However, when Kinetic measurements
were based on halting the reaction by acidification
rather than using only EDTA, which prevents but
does not halt the ongoing reaction, irreversible steps
in DNA degradation were observed to approach
completion gradually. Indeed, the reaction was slow,
displaying ty» = 8 s (at room temperature)® or 2 min
(at 6 °C).** The slowness of the DNA cleaving
reaction is visually evident: when Fe(ll) is added to
a (colorless) solution of bleomycin and DNA even at
room temperature, an intense yellowing is followed
several seconds later by loss of viscosity, signaling
separate changes in the drug and its target.

Since the effects on DNA were relatively slow, it
was possible to focus attention on the formation
kinetics of oxygenated Fe—bleomycin intermediates
and their reactions. These proved to be analogous
to those of heme-containing oxygenases and peroxi-
dases.>® However, the drug and enzyme intermedi-
ates differ in their relative stability,5%6? with the
earlier oxygenated bleomycin species being more
stable than their enzymatic counterparts, while the
later (inferred) bleomycin species seem far less stable
than such well-characterized counterparts as peroxi-
dase compounds | and Il. The relative stability of
the early oxy—bleomycin species makes them ame-
nable to observation, which indicated the one that
was kinetically competent to initiate DNA degrada-
tion. This species was named activated bleomycin.*
Considerable effort has been devoted to character-
izing its structure and reactions and speculating on
what might be the proximate DNA-attacking inter-
mediate.

A. Fe(ll) and O, as Activation Cofactors

The first step in the reactions leading to activated
bleomycin was monitored by stopped-flow spectros-
copy.52 Two Kinetic events are observed optically,
following addition of O, to anaerobic Fe(l11)-bleomycin.
The rate of the first shows a first-order dependence
on Fe(l1)-bleomycin and O,, with k = 6.1 M1 57162
Its product accumulates transiently, but it could be
trapped by rapid freezing for EPR spectroscopy. This
first intermediate is EPR-silent, and so it was
inferred to be an even-spin O,—Fe(ll)-bleomycin
complex. At Fe(ll)-bleomycin concentrations > 4 uM
in the absence of DNA the intermediate was con-
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Figure 3. Optical and EPR spectra of iron—bleomycins.
The optical species (upper panel) are ferric bleomycin
(denoted A, indistinguishable from activated bleomycin),
ferrous bleomycin (denoted B), and oxy-ferrous bleomycin
(experimental points). The EPR species (lower panel) are
a mixture of activated bleomycin and low-spin ferric
bleomycin (above), and its decay product, ferric bleomycin,
alone (below). In phosphate buffer with DNA absent, ferric
bleomycin is a high-spin, g = 4.3, species (not shown). From
ref 62. Copyright 1979 the American Society for Biochem-
istry & Molecular Biology.

sumed in an apparent first-order reaction with k =
0.1 s71.52 Thus, under atmospheric oxygen (0.4 mM)
the formation reaction is about 30 times as rapid as
the consumption. This second reaction is strongly
inhibited by DNA when [DNA(nucleotide)]:[bleomy-
cin] > 40,% which effectively traps the first oxygen-
ated intermediate in a DNA complex. When this
intermediate was submitted to Moéssbauer spectros-
copy in a high magnetic field, it proved to be
diamagnetic. Its unexpectedly large quadrupole
splitting, AEq = 2.9, indicated that the iron valence
state was Fe(lll). Therefore, the favored resonance
form of the ternary complex, O,-Fe(ll)-bleomycin <

‘O, -Fe(l1l)-bleomycin, is the ferric superoxide com-
plex.8* Nevertheless, the intermediate is still usually
called oxy-ferrous-bleomycin. The reaction of this
species was deceptively simple when monitored opti-
cally: it spontaneously forms a species that was
optically indistinguishable from Fe(l11)-bleomycin,®2
the final product of Fe(ll)-bleomycin + O,. This
simple optical transition concealed important inter-
mediate steps.

The kinetic spectral event coinciding with DNA
attack is not optical but magnetic. In addition to the
two optical transitions described above, two magnetic
transitions are observed by stop—freeze EPR spec-
troscopy (Figure 3). The first coincides with the
conversion of the second optical species to the third,
and consists of the appearance of not one but two
EPR species in equal amounts. One is indistinguish-
able from the final product, Fe(lll)-bleomycin (g =
2.45, 2.18, 1.89 or in the presence of phosphate and
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no DNA, g = 4.3),46626566 while the other is more
isotropic (g = 2.26, 2.17, 1.94) and less stable than
Fe(lll)-bleomycin. The unstable species converts
spontaneously and stoichiometrically to Fe(lll)-
bleomycin.*>#¢ This conversion coincides with the
initiation of DNA degradation but not with any
evident optical change. These events occur with ty;
~ 2 min at 4 °C, and the rate of EPR conversion (in
phosphate buffer) is insensitive to the presence or
absence of DNA, suggesting that DNA is not a direct
participant in the rate-limiting step of activated
bleomycin decay.

The reaction converting oxy-ferrous-bleomycin to
activated bleomycin is a disproportionation of oxy-
ferrous-bleomycin.*® This EPR-silent precursor gives
rise to equimolar quantities of the odd-spin species:
1 equiv of oxy-ferrous-bleomycin being reduced to
activated bleomycin by another equivalent. One Fe-
(111)-complexed ‘O, is oxidized to O, which is re-
leased, being unreactive with Fe(l11)-bleomycin, while
the other ‘O, complex is reduced to the level of a
ferric peroxide.®” The first-order kinetics of this
reaction (mentioned above) suggests that a bimolecu-
lar step, such as dimer formation, is not rate-limiting.
The rate-limiting step may be the subsequent redox
reaction, but the reactant, an oxy-ferrous-bleomycin
dimer, has not yet been observed.

The stabilization of oxy-ferrous-bleomycin by excess
DNA has been attributed to a competitive binding of
oxy-ferrous-bleomycin monomers by DNA,5 which
would slow their formation of activated bleomycin.
In this case oxy-ferrous-bleomycin is gradually con-
verted to Fe(l11):-bleomycin without detectable quan-
tities of activated bleomycin accumulating. At mar-
ginally inhibitory ratios of DNA:bleomycin, the
intermediacy of activated bleomycin is evident, as
minor but observable quantities accumulate. Under
such inhibitory conditions, the availability of oxy-
ferrous-bleomycin might become rate-limiting instead
of either the formation or decay of activated bleomy-
cin, causing the rate of DNA attack to become second-
order with respect to [bleomycin]. This was seen
(unpublished results) at DNA:bleomycin > 20, con-
sistent with the demonstration that the release of O,
from DNA-stablized oxy-ferrous-bleomycin is a second-
order reaction.58

The oxygen structure in activated bleomycin re-
mained mysterious for over a decade. Earlier evi-
dence from (a) EPR spectroscopy of complexes con-
taining >’Fe and 70,* (b) Mossbauer spectroscopy,
and (c) redox titrations®” were consistent with it being
either a ferric peroxide complex (end-on or Fe-
bridged) or a monooxygenated 2e oxidant homologous
to peroxidase compound I. Activated bleomycin is

Fe(INO° or Fe(llyO-OH or Fe(ul)g

represented in papers by different groups as having
either a mono- or dioxygenated structure. Proofs of
the actual structure emerged from (a) demonstration
by electrospray mass spectroscopy that activated
bleomycin, when formed from 2O-peroxide, contains
both labeled oxygen atoms,®® and (b) an 20, kinetic
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Figure 4. Activated bleomycin formation pathways. Bleo-
mycins react with oxygen species and reductants as shown
to form the transient ferric peroxide indicated as activated
bleomycin. Details of its conversion to Fe(l11)-bleomycin are
proposed in Figure 8. From ref 156. Copyright 1996 Kluwer
Academic Publishers and reproduced with their kind
permission.

isotope effect on activated bleomycin breakdown of
a magnitude consistent only with peroxide O—0O
cleavage being rate-limiting.?® Evidence that the
peroxide is bound to Fe end-on comes from mass
spectroscopic evidence consistent with a hydrogen
nucleus accompanying the two peroxide oxygens®®
and from ENDOR (electron—nuclear double reso-
nance) spectroscopy of activated bleomycin formed
from 1’O,, which showed only one Fe-bound O atom.™
There is no evidence for a short Fe=0O bond in
activated bleomycin subjected to X-ray absorption
spectroscopy (XAS) and extended X-ray absorption
fine structure (EXAFS) analysis.”

In summary, Fe(ll)-bleomycin plus O, (in vitro)
yield “O;-Fe(l11)-bleomycin, a high-spin,%* EPR-si-
lent®? Fe(l11) species. This undergoes a dispropor-
tionation in which the oxidized product is O, plus
Fe(l11)-bleomycin, and the reduced product is acti-
vated bleomycin,*® a peroxide—Fe(l11)-bleomycin com-
plex. This breaks down with peroxide cleavage. No
further oxygenated intermediates have yet been
observed.

B. Other Bleomycin Activation Routes

Several other routes to activated bleomycin forma-
tion are available besides that with Fe(ll) and O,
(Figure 4). They have been exploited for resolving
the roles of O, in bleomycin-induced DNA reactions.
DNA cleavage can be obtained when Fe(lll) is
substituted for Fe(ll), provided that additional reduc-
ing agents are included.”® Continuing regeneration
of Fe(ll)-bleomycin from its O, oxidation product,
Fe(l11)-bleomycin, makes this reaction cyclic.

1. Peroxides

Fe(l11)-bleomycin can also react with peroxides,
such as H,0, (Figure 4) or ethyl hydroperoxide, to
produce a steady-state level of activated bleomycin*®
and form base propenal as a DNA cleavage product.
Although peroxide can function as a reductant, its
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reaction with Fe(l11)-bleomycin appears not to involve
reductive recycling to Fe(ll)-bleomycin, since activa-
tion by peroxides is unaffected by agents that trap
Fe(l1)-bleomycin, such as ethyl isocyanide,* an O,
analogue that binds Fe(ll)-bleomycin and competes
with 0,.58 The direct reaction of H,O, and Fe(ll)-
bleomycin was confirmed when they were combined
in the absence of 0,.45 The activated bleomycin EPR
spectrum formed in such peroxide mixtures*>“¢ shows
kinetics of decay identical to that of the O, product
once the cyclic reaction is interrupted, e.g., by addi-
tion of DNA at high enough concentrations to inhibit
the reaction of peroxide and Fe(l11)-bleomycin.*> As
with O,-derived activated bleomycin, DNA attack by
the peroxide product is concurrent with conversion
of the activated bleomycin EPR spectrum to that of
Fe(l11)-bleomycin. Further support for the identity
of activated bleomycin formed by these two routes
derives from other comparisons, including that of
Mossbauer® spectra and their DNA degradation
products.”>73

Paradoxically, anaerobic activated bleomycin solu-
tions can be formed by the O, route as well as by the
peroxide route, provided that [Fe(ll)-bleomycin] >
4[O,] so that all the O, is consumed.” Such proce-
dures were useful in resolving the additional O,
requirement for DNA scission*® and in tracing the
origins of the oxygenated DNA products’ discussed
in section 111.B.

2. Superoxide

Another dioxygen species, superoxide (‘O,), can
also participate in activated bleomycin formation.
Several roles for ‘O, are possible (Figure 4), so when
effects of superoxide consumption by superoxide
dismutase (SOD) were noted on the activity of bleo-
mycin,*%7576 it was unclear whether the effect was
on precursors or products of activated bleomycin.
Microsomal enhancement of bleomycin activity is
antagonized by SOD,*7778 as is that of soluble
superoxide-generating enzymes.*® Microsomal su-
peroxide was proposed to operate in vivo where the
huge excess of DNA to bleomycin’ may be expected
to prevent the activation pathway based on dismu-
tation of oxy-ferrous-bleomycin, as it does in vitro.®3
Superoxide was shown to reverse this inhibition
when added to DNA-stabilized oxy-ferrous-bleomycin,
reinforcing the proposal that superoxide facilitates
bleomycin action in vivo.“® Superoxide may partici-
pate in bleomycin activation in other ways as well
(Figure 4). For example, it may react with either
Fe(111)- or Fe(ll)-bleomycin to respectively form either
‘O, -Fe(l1)-bleomycin or activated bleomycin. Itmay
also act as a reductant only, reducing either Fe(l11)-
bleomycin to Fe(ll)-bleomycin or ‘O, -Fe(l1l)-
bleomycin to activated bleomycin. It is difficult to
determine which reactions superoxide performs, since
it dismutates spontaneously to from H,O, and O,
which are themselves capable of reacting with Fe—
bleomycin species. The reduction of complexed Fe-
(1) to Fe(ll) by superoxide without the product O,
immediately reacting with the Fe(ll) is unlikely to
contribute to bleomycin activity. This is because Fe-
(I1)-bleomycin is extremely sensitive to inactivation
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by H,O,, even when furnished together with O,
(unpublished observations and ref 80), and both form
rapidly in aqueous superoxide solutions. The DNA-
cleaving reaction of Fe(l11)-bleomycin + KO,% may
also proceed by formation of ‘O, -Fe(l11)-bleomycin
and its reduction to activated bleomycin by more
superoxide.*® Superoxide must also be able to react
with Fe(ll)-bleomycin, since the DNA cleavage ob-
tained with addition of KO, solution does not occur
when similar concentrations of its products, O, +
H>O,, which are rapidly formed on addition of water,
are furnished instead (unpublished observations).
The effects of superoxide on bleomycin activity in vivo
are even more difficult to interpret due to the
complexity of living test systems, e.g., in which
superoxide-liberated Fe may enhance Fe-mediated
DNA damage independent of bleomycin.8

C. Activated Bleomycin Decay

The initial step in conversion of activated bleomy-
cin to Fe(lll)-bleomycin does not appear to involve
DNA. It occurs in the presence or absence of DNA,
which has little, if any, effect on the rate of activated
bleomycin decay.*®* An interaction of DNA with
activated bleomycin is, however, indicated by an
alteration of its g = 1.94 EPR feature;* interactions
with putative short-lived products of activated bleo-
mycin are considered in section IV. Studies of
activated bleomycin reactions apart from DNA may
provide information about the formation and nature
of the bleomycin species that attack both DNA and
other target molecules, including bleomycin itself.

1. Oxygen Products

Cleavage of the activated bleomycin peroxide may
yield the proximate DNA-attacking intermediate,
which might be either hydroxyl radical ("OH) or a
compound I homologue, [bleomycin-Fe=Q]V, depend-
ing on whether the cleavage proves to be homolytic
or heterolytic. Either species could in principle
account for the observed DNA degradation prod-
ucts.®* The specificity of DNA attack, limited to H4'
(vide infra), suggests that hydroxyl radical, a pro-
miscuous reactant, is unlikely to be involved, since
other deoxyribose hydrogens lie unaffected nearby.
Regardless of whether the O—O cleavage is homolytic
or heterolytic, it is likely that a reoxidation of
[bleomycin-Fe=01]" to [bleomycin-Fe=0]" frequently
occurs and that the latter species mediates both DNA
cleavage and alkali labilization (see section 111.B).
The existence of [bleomycin-Fe=Q]V strengthens the
possibility that it is also the O—O cleavage product.

Attempts were made to determine whether bleo-
mycin O—0 cleaves homolytically or heterolytically
by assessing the activities expressed by iron—bleo-
mycin presented with a peroxide, 10-hydroperoxy-
8,12-octadecadienoic acid, that only cleaves homolyt-
ically.8585 The two groups carrying out these studies
reached opposite conclusions. The mixture of the
peroxyacid plus Fe(lll)-bleomycin resembled acti-
vated bleomycin in cleaving DNA and in oxidizing
small, organic molecules, but the DNA cleavage yield
was small. Thus, the observed DNA cleavage may
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(CH2)sCOOH

= OOH

CaHo

have resulted from a minor reaction not directly
involving a homolytic O—O cleavage product.®® How-
ever, 10-hydroperoxy-8,12-octadecadienoic acid is
likely to interfere with the close steric approximation
of bleomycin and DNA and the putative homolytic
O—0 cleavage product would probably be short-lived.
Therefore, a low yield of DNA cleavage would be
expected regardless of whether homolytic O—O cleav-
age was the normal route to DNA-cleaving compe-
tence. A better indicator of whether the homolyti-
cally cleaved peroxyacid forms activated bleomycin
is probably the spectrum of small molecule reactions
mediated by the bleomycin reaction mixture. Ex-
amination of the reaction products suggests that the
monooxygenated product of activated bleomycin dif-
fers from the homolytic peroxide cleavage product,®
and thus supports the hypothesis of heterolytic O—O
cleavage to form an analogue of peroxidase compound
.

Another type of experiment suggests how activated
bleomycin decay produces a species capable of oxidiz-
ing its bound peroxide. Activated bleomycin, a two-
electron oxidant,’” may yield the final product,
Fe(l11)-bleomycin, by oxidizing either DNA or some
other reductant, but when activated bleomycin de-
cays spontaneously in the absence of reductants, it
must react with an oxygenated bleomycin species.
Then the stoichiometry of complete oxygen reduction
by iron—bleomycin is the expected four Fe(ll) per Oy,
and only half the oxygen bound as peroxide in
activated bleomycin is reduced.*® Activated bleomy-

cin releases no O, and minor (<0.1 equiv) quanti-
ties of H,0,.2 The only product of O, detected,
using NMR and 17O,-depleted water, was H,'’O and,
as expected, only half of the activated bleomycin
oxygen was converted to water in the absence of
reductants.®’” This stoichiometry is consistent with
the destruction of bound peroxide by disproportion-
ation to yield H,O + 1,0, thereby regenerating
bound O,. When DNA or other reductants are
present, the net O, consumption is greater.*687 Ac-
tivated bleomycin disproportionation is not a bimo-
lecular reaction of activated bleomycin, since acti-
vated bleomycin decay displays first-order kinetics
and since the rate-limiting reaction is an O—0O
rupture.®® To determine whether a monooxygenated
intermediate such as [bleomycin-Fe=0]V participates
in a bimolecular reaction like

2[bleomycin-Fe=0]" — 2bleomycin-Fe'"' + 0, (1)

activated bleomycin was prepared from a mixture of
160, and 80,, and the reaction products were sub-
mitted to mass spectroscopy to detect 60-20. Sur-
prisingly, only the two original O, species were found,
and no recombinant O,. Once separated, activated
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bleomycin oxygen atoms must never recombine (un-
published result, R. M. Burger, B. Luz, and M.
Bender). To explain this result, a catalase-type
reaction is necessary:

[bleomycin-Fe O—0OH]Y + [bleomycin-Fe=0]" —
2bleomycin-Fe'"' + 0, + OH™ (2)

with the activated bleomycin peroxide serving as the
reductant. The apparent first-order kinetics of ac-
tivated bleomycin decay with DNA absent, which are
identical to those of DNA attack, are consistent with
activated bleomycin peroxide cleavage being the rate-
limiting step leading to reaction 2.

2. Bleomycin Suicide

When activated bleomycin decays in the absence
of DNA, an irreversible change in bleomycin occurs.
It undergoes conversion to one or more Fe(lll)
complexes unable to attack DNA when aerobic Fe(ll)
is subsequently added.>® This conversion is probably
responsible for the inactivation of bleomycin seen in
reaction mixtures containing ascorbate as a reduc-
tant.888% The reaction is called activated bleomycin
suicide because activated bleomycin is kinetically
competent in this reaction.”® The presence of DNA
can prevent bleomycin suicide, and its protective
capacity disappears just as activated bleomycin de-
cays. Suicide chemistry is complex.®® Several prod-
ucts have been distinguished,®® and it appears that
modification of the bithiazole moiety is involved.®!
The iron ligation properties evident in EPR spectra
are unchanged, and the inactivated drug can still
react with Fe(ll) and O; to give a species with the
EPR spectrum of activated bleomycin.®® This is
consistent with structural studies placing the perox-
ide adjacent to the bithiazole except in the presence
of DNA.929 L jttle is known mechanistically, but O,
is not required.”? Since the anaerobic suicide prod-
ucts are unexamined, it is possible that oxygen may
be involved in alternative suicide reactions. The
suicide products, when characterized, should be
consistent with the reactivity of whatever active
bleomycin species is proposed to initiate DNA deg-
radation, and thus provide an additional means to
verify its structure.

Other reactions destroying bleomycin activity are
not mediated by activated bleomycin. These include
the reaction of Fe(11)-bleomycin + H,0,,8° which may
involve hydroxyl radical formation, and the reaction
with iodosylbenzene,® which proved to be metal-
independent and is attributed to hypervalent iodine.%®

lIl. DNA Degradation

The binding of bleomycin to the minor groove of
duplex DNA was inferred from observations of in-
terference by known minor groove binders®?° and
inability of major groove obstructions to affect cleav-
age.%:%8 Moreover, the primary DNA target, H4', is
accessible only from the minor groove. Although
bleomycin fragments® and model compounds!©:10
have provided structures by X-ray crystallography,
no complete bleomycin has been crystallized with or
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Figure 5. Ligation of metal ions by bleomycin, peplomy-
cin, and P-3A, a truncated bleomycin biosynthetic inter-
mediate. The indicated ligands are: S-aminoalanine pri-
mary amine (AN1), f-aminoalanine secondary amine (AN2),
pyrimidine N5 (PN), 5-hydrohistidine amide (HN), imida-
zole N1 (IN), and mannose carbamoyl nitrogen (MN). The
structures depicted are from (A) Co(l11)-peplomycin,15 (B)
Co(l11)-deglycopeplomycin,*t5 (C) Co(l11)-bleomycin A,%2114
(D) Cu(ll)-P-3A,%° (E) CO-Fe(l1)-bleomycin,08 (F) zn(ll)-
bleomycin.'%¢ Figure kindly provided by J. Caceres-Cortes
and A. H.-J. Wang.

without an oligonucleotide. Direct evidence of drug
conformation and the influence on it of DNA and
specific nucleotide sequences is emerging rapidly
from multinuclear NMR studies of free and oligo-
nucleotide-complexed bleomycin and metallobleomy-
cins. Recent NMR studies confirm that the bleomy-
cin bithiazole moiety, which is planar and aromatic,
binds to the nucleic bases in a mode that is partially
intercalative.®3192-104  Positively charged moieties
distal to the bithiazole penetrate the major grove and
may provide ionic interactions with DNA phosphates.
Interference with high-resolution NMR by paramag-
netic Fe led to examination of apo-blemycini®>106 of
the low-spin bleomycin-Fe(I1)-CO complex,17:1% and
of non-iron metallobleomycins containing such
diamagnetic nuclei as Zn(11)!03106109-112 g
Co(111)92:93,104.113-115 t0 model iron—bleomycin species.
However, doubts persist about the equivalence of
ligation geometries to different metal ions!!2113.115
(Figures 5 and 6), and even about the correct assign-
ment of ligands to the same metals by different
laboratory groups. Most important are the differ-
ences in axial ligands of the Co and Fe complexes
shown in Figure 5. The ligand chiralities reported
for HOOCo(l11)-bleomycin® 1 are identical only to
those in deglycosylated HOOCo(lll)-peplomycinit®
and not to those in intact HOOCo(lll)-peplomy-
cin'®—which are equivalent to those in COFe(ll)-
bleomycin.1®® The change in axial ligation seen to
result from deglycoslation'® is accompanied by a
change in cleavage site specificity,!'® which also
changes upon removal of the mannose carbamoyl
ligand moiety (Table 11'7). A misjudgment of how the
metal is bound in the drug—DNA complex could
confound efforts to deduce the specificity-determining
interactions between drug and target.

Activated bleomycin, being short-lived, is unsuit-
able for liquid-phase NMR, but some structural
information such as metal—phosphate distance, de-
ducible from the NMR spectra of other complexes, is
subject to verification by ENDOR spectroscopy of
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Figure 6. Stereoscopic views of bleomycin—DNA interac-
tions. The structures of d(ATCGTACGAT), complexed with
HOOCo(l11)-peplomycin or with HOOCo(l11)-deglycopeplo-
mycin were determined using 2D NMR. The respective
ligand conformations are A and B as shown schematically
in Figure 5. Figure kindly provided by J. Caceres-Cortes
and A. H.-J. Wang.

frozen samples.”®1® The best evidence that the
stable bleomycin-Co(l111)—OOH “green complex” is a
good model for activated bleomycin conformation
derives from comparisons of NMR-derived structures
of green complex and Fe(l1)-bleomycin. Proton reso-
nances shifted by the paramagnetic Fe(ll) have been
assigned to putative iron ligand moieties. Their
distances from Fe, calculated from relaxation times,
T, correlate closely with their distances from Co.114
Complete NMR assignments for several complexes
have recently been published by several laboratories
along with detailed structures obtained by computer-
ized atomic modeling and energy minimization. The
complete NMR assignments are available within, or
as supporting material to, the referenced papers for:
bleomycin A, *H% and 3C,% zn(11)-bleomycin com-
plexed with d(CGCTAGCG),,10 Co(lll)-bleomycin
and peroxyCo(lll)-bleomycin;®? peroxyCo(lll)-bleo-
mycin* and its complex with d(CCAGGCTGG),;113
bleomycin, Zn(11)-bleomycin, tallysomycin and Zn(11)-
tallysomycin,*2 and Co(l11)-pepleomin.®315 In some
cases atomic coordinates are also available,®s on the
basis of intra- and intermolecular nuclear Over-
hauser effect measurements that have become in-
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Table 1. Relative DNA Cleavage Efficiency of
Fe(l1)-Bleomycin Congener (Reprinted from Ref 117.
Copyright 1988 American Chemical Society)?

Fe(ll1)—bleomycin derivative

dinucleotide BLM epi-BLM decarbamoyl- bleomycinic

(5-XY-3) A, A, BLM A, acid
AA 20 0 0 0
AC 20 0 0 0
AG 0 0 0 0
AT 60 20 20 0
CA 0 0 0 0
cc 0 0 0 0
cc 0 0 0 0
CG 0 0 0 0
cT 40 60 0 40
GA 80 60 60 60
GC 100 80 80 20
GG 60 80 40 20
GT 100 100 100 80
TA 40 20 20 20
TC 60 20 40 20
TG 0 60 0 0
TT 40 0 40 0
PuPu 40 35 25 20
PuPy 70 35 40 25
PyPu 25 35 5 5
PyPy 40 20 15 5

@ The congener structures are as shown in Figure 1 except
that (a) epi-bleomycin A, differs stereochemically at the
propionamide C-1 (between pyrimidine and S-aminoalanine
residues), (b) decarbamoyl-bleomycin A, lacks the mannose
carbamoyl function, and (c) bleomycinic acid has no terminal
amine, so R = OH.

creasingly numerous since 1994,

NMR has confirmed and clarified earlier structural
and conformational inferences, such as the minor
groove contacts of bleomycin with DNA and the
details of bithiazole intercalation. It has verified the
approximation of the target 4'H to complexed perox-
ide, and the approximation of the bithiazole to the
peroxide—ligand site in the absence of DNA.%293.113
The detailed conformational information includes
indications about which bleomycin moieties recognize
the target-specifying nucleic bases and how they do
it.113 Evidence that the metal-binding domain con-
fers most of bleomycin’s sequence specificity'?°1?* may
now be understood in terms of a H-bonding network
that includes two bonds between the bleomycin
metal-binding pyrimidine and the target-specifying
guanine, which thereby form a three-base struc-
ture.1’3122  Other fine-structural information has
provided suggestions about mechanism, such as the
locations of three exchangeable hydrogens providing
H-bonds between the peroxide and the bleomycin
threonine and methylvalerate moieties,!** a role
consistent with a multiple solvent H isotope effect
on peroxide cleavage (unpublished data).

In addition to serving as structural models, some
nonferrous bleomycins show activities more or less
similar to that of iron—bleomycins, and these are
described in section 1V.B.

A. Specificity

The specificity of DNA attack has two related
aspects: nucleotide sequence specificity and mecha-
nistic specificity. For DNA the latter appears quite
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narrow: bleomycin attacks at the deoxyribose 4'-H
only.’2® For activities against non-DNA targets, such
as RNA, the degradation mechanisms are not so well
understood.®® The nucleotide sequence specificity
may be simply stated, but bleomycin shows a range
of target preference. Duplex DNA is preferred,?”124125
and the earliest sequence work indicated preferential
cleavage at pyrimidine nucleotides that are 3' sub-
stituents of guanosines (i.e., GpC and GpT, desig-
nated GpY).'?6-128 The purine 2-amino group is
crucial in target site recognition.1?®130 Sijtes other
than GpC and GpT are also cleaved, and the range
of cleavage at the 16 possible dinucleotides was
determined for four bleomycins.''” However, it is
expected that the distribution of cleavages will also
depend on reaction conditions such as the relative
proportions of DNA and bleomycin. For example, low
ratios of bleomycin:DNA have revealed “hot spots”
of cleavage selectivity, and so DNA from bacterio-
phage PM2 can sustain up to 20% of its total
bleomycin cleavages at five specific positions among
10* nucleotides.*® Nucleotides adjacent to the GpY
sequences also have an influence on cleavage
susceptibility,361327134 put the stringency of specific-
ity, except for the case of PM2, does not approach
that of restriction nucleases.

When bleomycin makes closely spaced lesion in
opposite strands, which constitute 10—20% of all
lesions®135 the GpY specificity is strong in one strand
but absent in the other.’*¢ This was taken to indicate
that nucleotide specificity constrained the first lesion
only and that the second, nearby, lesion was a
consequence of the first, rather than of a coincidence
of independent site-specific events.’35-137 A mecha-
nism for bleomycin reactivation proposed to explain
this phenomenon'3® appears in section 1V, the central
reactions.

B. Mechanism

Analysis of the DNA degradation mechanism was
facilitated by the discovery that there were two kinds
of DNA damage inflicted by bleomycin:595! release of
free nucleic bases and of aldehydic base derivatives
(of deoxyribose carbons 1—3). The two are on sepa-
rate reaction pathways, since bleomycin-treated DNA
that had released most of its base propenal still
retained the majority of bases to be released as free
base.5? Liberation of base derivatives containing C3',
a DNA backbone atom, necessitates strand scission,
whereas base release does not.

Further details of the DNA degradation chemistry
were inferred by identifying which of the deoxyribose
hydrogens are released when free base or this plus
base propenal are produced. Bleomycin treatment
released similar quantities of 3H,O from [1',2'-3H]-
DNA under mild conditions and from [5'-*H]DNA
upon base hydrolysis.5? The origin of the former
3H,0 was clarified when the aldehydic base deriva-
tive was characterized as base propenal,® which
lacks one 2'-hydrogen. The *H,O from [5'-*H]DNA
is associated only with free base release,'® suggesting
(correctly) that the abasic product is a 4-ketodeox-
yribose product. Another finding that facilitated
resolving the two DNA degradation pathways was



Cleavage of Nucleic Acids by Bleomycin

that activated bleomycin could be formed and con-
sumed anaerobically.*>72 This made it possible to
verify a proposal of Johnson and Haim (cited in ref
56) that endogenous O, was additionally required to
form DNA cleavage products. In the absence of O,
no base propenal forms; only the pathway of base
release is operative.”

The remaining deoxyribose fragmentation product,
the complement of base propenal, is a 3'-phospho-
glycolate DNA terminus;> this and base propenal are
found in equimolar quantities. These products rep-
resent the only mode of bleomycin-mediated DNA
cleavage, for the number of cleavages (ascertained
by DNA oligomer size analysis) does not exceed the
amount of base propenal formed.'3°

The early steps in DNA degradation were inferred
mainly from the use of specifically tritiated poly dA-
dU deoxyriboses in the laboratories of J. Stubbe and
J. Kozarich.’® The idea that 4'-H abstraction!*°
initiates DNA degradation by bleomycin was pro-
posed by Johnson and Haim,*® but awaited verifica-
tion until [4'-*H]DNA was prepared and tested. The
4'-*H appeared in 3H,0, whereas the 1'-*H did not,
and although some of the 3'-*H appeared in water,
none was lost from the base propenal. Loss of 3'-H
is therefore related to free base release only. These
findings are consistent with both base propenal
release and free base release being consequences of
a 4'-H abstraction followed by a partitioning of the
resulting 4'-radical by reaction with either O, or *OH,
respectively. An enrichment of released 4'-3H over
base propenal plus free base was seen, an isotope
effect indicating that this abstraction is a rate-
limiting reaction.*®® This isotopic selection remained
in the range of 7.2—12.5 as the ratio of free base to
base propenal production was manipulated over a
300-fold range by adjusting [0O2],**' indicating that
the 4'-H abstraction was indeed rate-limiting for both
processes. The application of DNA-sequencing elec-
trophoresis methodologies to 5'-3?P end-labeled DNA
containing 4'-deuterated thymidine permitted mea-
surements of this isotope effect at individual target
sites, which were found to differ by up to 60%.42
Identical site-specific isotope effects are seen on both
cleavage and alkali-labilization outcomes.#?

The subsequent DNA degradation mechanisms
responsible for DNA cleavage and for free base
release will be considered separately before address-
ing relationships between these two events. The
partition of the initial lesion is not as simple as
expected, for while base propenal production in-
creases with oxygen concentration, free base release
can remain constant, independent of oxygen, rather
than declining, provided that an excess of DNA is
available.”? This implies a commitment to a certain
level of free base release prior to any encounter with
O, and is addressed in section IV.

1. Oxygen-Independent DNA Degradation

Free base release and alkali labilization of the DNA
strand are facile consequences of a putative 4'-
hydroxylation.’3® The putative hemiketal product
was expected to eliminate the nucleic base while
rearranging to yield a 4-ketodeoxyribose product
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Scheme 1. Products of Oxygen-Independent
Bleomycin Attack (Reprinted from Ref 144.
Copyright 1985 American Chemical Society)?

Fe(ll) »BLM  HoCpGp—O OH™
d(CGCTTTAAAGCG) —  » pee (o] B ———
0, HO OH

(o]
O= T——O -
oTTTAAAGCG
1
HoCpGp—O
0] HoCpGp—O OH
Ko —

[o]

2a,R=H 3

2b, R=CH,

a Synthetic 2a, which is unstable, was prepared from 2b by
hydrolysis.

susceptible to alkali attack at H2' and S-elimination
of the 3'-phosphate ester.1*3 This 4-ketodeoxyribose
product was difficult to characterize because of its
instability.1** The levulinic acid identified in an acid
hydrolysate of bleomycin-treated DNA5* is presum-
ably a final product of this intermediate. Experi-
mental support for the putative 4-ketodeoxyribose
intermediate was provided by the observations that
H3'138 and H5' were labilized in the base-releasing
reaction, labilities suppressed by NaBH, reduction
of the putative carbonyls.'*3

Further structural evidence for a 4-ketodeoxyribose
as a degradation product was obtained by synthesis.
Sugiyama et al.*#41%5 prepared a d(CpGp) dinucleotide
having as a 3'-phospho substituent a congener of the
expected 4-keto aldehyde, only lacking its 3'-phos-
phate extension (2a, Scheme 1). The degradation
and derivatization products of this synthetic congener
were then compared to those of an oligonucleotide
target, d(CGCT3A3GCG),, chosen because cytosine-3
is a major site of bleomycin damage.5¥'46 When it
sustains alkali-labilizing damage, it yields a modified
Cs analogous to the synthetic congener (but preserv-
ing its 3'-phosphate oligonucleotide linkage). As
expected, the synthetic material, 2a, was unstable,
with ty ~ 1 h in 0.1 N HCI at 37 °C.1*> Its stable
products, however, were suitable for characterization
by NMR and HPLC and for comparison with those
of the bleomycin-treated oligonucleotide products.
After treatments with either alkali, hydrazine, or
n-butylamine, the dinucleotide bleomycin products
proved identical with those of the synthetic dinucle-
otide derivative (Scheme 2). This was taken as
evidence for the structural identity of the reactants.
However, products other than 3 are also found in
HPLC analyses of the bleomycin-treated oligonucle-
otide,** which left some ambiguity in the identifica-
tion of a 4-ketodeoxyribose as a unique intermediate
in this degradation pathway.

The stoichiometric relationship between free base
release and formation of its putative deoxyribose
product, the unstable 4-keto aldehyde, was estab-
lished (within 10%) by promptly derivatizing it with
labeled hydrogens from NaBH, to form deoxypenti-
tols.” For this purpose the target d(CGCGCG), was
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Scheme 2. Derivatives of the Oxygen-Independent
Attack Product, (Reprinted from Ref 145.
Copyright 1988 American Chemical Society)
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used, and the techniques thereby validated were
subsequently applied to confirm results with large
copolymers. The reduced product of attack on the
hexanucleotide dimer (predominantly at dC-5) was
stable and could be subjected to dissection with
nucleases and phosphatases, preparatory to mass
spectroscopy of deuterated products and chromatog-
raphy of tritiated products. When the trimethylsilyl
derivatives of the deuterated DNA product were
compared by gas chromatography/mass spectrometry
to those of 2-deoxy-p-erytherotol, positions 4 and 1
were both found to be monodeuterated, as expected
for an initial 4-ketodeoxyribose. Loss of stereospeci-
ficity at C4, detected by chromatographic resolution
of the tritiated epimers, supported the intermediacy
of a 4-ketone. When the yields of deoxypentitol-
containing products were compared to free base
detected, ratios approached 0.9, supporting 4'-keto
aldehyde as the predominant (and possibly only)
sugar product of base release.” Thus, the oxidized
sugar product of free base release is consistent with
the hypothesis that hydroxylation of deoxyribose C-4
initiates the process.

The base-releasing precursor, a putative 4'-hy-
droxylated nucleotide intermediate even less stable
than the 4'-keto aldehyde, has not been detected or
trapped as a derivative. However, the sluggish
release of free nucleic base from DNA at low tem-
perature® suggests that this hydroxylated interme-
diate may have a lifetime sufficient to permit its
detection, (although a slow release could be due to
an artifactual adherance to the DNA by intercalation,
as was seen with base propenals).1#’

Assuming that deoxyribose C4 becomes hydroxy-
lated, how is the oxygen inserted, and what is its
origin? Even in anaerobic reactions oxygen might
derive from either activated bleomycin or from the
solvent. One plausible conjecture'®® was that bleo-
mycin acts like cytochrome P-450,'#¢ hydroxylating
with an O, atom. However, this seems unlikely: the
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4'-oxygen (stabilized by NaBH, reduction) originates
not in activated bleomycin (prepared with 180,) but
with water, and control experiments rule out solvent
exchange with the ketone prior to trapping.®* This
exclusion of bleomycin as a vehicle of oxygen inser-
tion was made with the reservation that water
oxygen exchanging into activated bleomycin might
then be inserted to give this labeling pattern. How-
ever, this is unlikely because preparations of acti-
vated bleomycin made with 7O are stable enough to
produce a characteristically broadened EPR signal
even in the presence of H,%0% and vice versa.4®
Thus the inserted oxygen probably comes directly
from water.8* To attack water, a more active species
than a C-4'-centered radical seemed necessary, and
a C-4' carbocation was postulated.®* Since activated
bleomycin is a 2e oxidant, it could conceivably
produce such a lesion. While this proposal appears
to conflict with the evidence that both pathways of
DNA degradation begin with a 4'-H abstraction to
yield a 4'-C radical as the initial lesion, the 4'-C
radical might sometimes undergo further oxidation
to a carbocation 159 accounting for divergence of the
pathways soon after the initial lesion. The sparse
evidence for this attractive possibility will be consid-
ered below with the elusive, “central” reactions of the
bleomycin/DNA pathways.

2. Oxygen-Dependent DNA Degradation

Frank strand cleavage is the more obvious form of
bleomycin-induced DNA degradation and, like the
base-releasing lesion, it begins with 4'-H abstraction.
DNA scission depends on the presence of O; in
addition to activated bleomycin. The second O, must
be available at the time of activated bleomycin
decay.”? The two oxygen requirements were distin-
guished by their distinct kinetic loci: oxygen uptake
for bleomycin activation is about a 1000-fold more
rapid®? than the rate of activated bleomycin decay.
Thus by furnishing isotopically labeled O, at different
times, it was possible to distinguish their different
fates. The alternative procedure of using Fe(lll)-
bleomycin with isotopically labeled H,O, and O, was
also used. As with the oxygen-independent lesion,
no oxygen from bleomycin (<3.5%)7# is found in the
DNA product, supporting the idea that both path-
ways begin with a common event. The second, non-
bleomycin O, provides one O atom of the DNA
degradation product, nucleotide-3'-phosphoglyco-
late.” The base propenal oxygen derives exclusively
from water.’>> This ruled out early proposals in
which a 4'-hydroperoxide adduct rearranged to insert
its two oxygens at C3' and C4'. Details of the
reaction pathway yielding the observed cleavage
products from the putative peroxide adduct®® have
emerged from experimental efforts to verify mecha-
nistic hypotheses.15!

Initially, bleomycin-induced DNA cleavage was
thought to be a rapid reaction, and suitable reaction
mechanisms were proposed3®:56.152153 in which the
events of DNA scission were largely concerted. Sub-
sequent kinetic measurements indicated that DNA
cleavage was not the final step in the DNA cleavage
pathway, so these proposals were modified to accom-
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Figure 7. Proposed intermediates in base propenal forma-
tion,!5! redrawn.!#” Only the pathway shown with bold
arrows (left) is consistent with the kinetics of phosphomo-
noester formation monitored by NMR. Copyright 1994 the
American Society for Biochemistry & Molecular Biology.

modate the emerging details of kinetically distinct
events.'®* The final DNA cleavage products require
the breakage of three carbon bonds®>°41%4 shown in
Figure 7, but not all need be broken to accomplish
strand cleavage. Thus, DNA was seen to release base
propenal significantly after cleavage.'®® Since the
DNA cleaving reactions of Fe(ll)-bleomycin + O
approximate a single-turnover system (vide infra)
with constituent steps taking seconds (at room tem-
perature) or minutes (near freezing), these events
could be observed sequentially even though interme-
diates were difficult to trap. Real-time methods of
monitoring, such as spectroscopies, were especially
useful in determining the sequence or simultaneity
of the reactions.'®® These events are (1) activated
bleomycin decay, (2) 2'-H release, (3) DNA strand
cleavage, and (4) base propenal formation.
Activated bleomycin decay and its coincidence with
the second O, requirement have been noted above.
The next detected event, release of 2'-pro-R-*H into
solvent, which was well-characterized stoichiomet-
rically and sterically,3 1% proved to be more rapid
than base propenal formation or DNA cleavage. This
was established by removing freshly attacked [1',2'-
methyl-3H]thymine-containing DNA from the reac-
tion mixture by rapid ethanol precipitation, and
assaying distillable 3H,0 in the supernatant, thereby
demonstrating the rapid (ty> = 1.8 min) release!®® of
2'-H, the only labilizable labeled hydrogen in this
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experiment.®® The rapidity of this reaction is also
reflected in a *H NMR study.'*” NMR spectra of
oligonucleotide degradation in progress include two
signals in the aromatic region which may belong to
deoxyribose hydrogens 1' and 2' after the 2'-H
release. They appeared fully formed by 4 min at 4
°C when first observed, and were progressively
replaced by the 2,3-olefinic proton resonances of base
propenal,> expected consequences of early 2'-dehy-
drogenation. This relatively rapid release of 2'-H was
rigorously verified'>* using as bleomycin targets
stereospecifically tritiated poly(dA[2'-*H]dU). Both
base propenals and °H,O were assayed in both
supernatant and precipitate fractions for both iso-
mers, confirming the rapid release of the 2'-pro-R-
H. This, together with the release of base propenal
occurring after strand scission (vide infra), led to a
mechanistic proposal®®! distinguished by a new pre-
cursor of cleavage shown in Figure 7, where the
currently favored form of this proposal is indicated
by bold arrows.

Earlier measurements of strand scission kinetics,*%®
which demonstrated first-order DNA cleavage kinet-
ics (ti2 = 2.5—5 min) at bleomycin concentrations
differing by 103, were confirmed by an optical real-
time assay. Cleavage of d(CAAGCTTG), was moni-
tored by the consequent denaturation hyperchromic-
ity, showing ty, = 4.1 £ 0.5 min,**’ significantly
slower than activated bleomycin decay (ti2 ~ 2 min®).

The same oligonucleotide, d(CAAGCTTG),, was
used to monitor formation of base propenal by real-
time NMR spectrometry of the aldehyde proton. This
proton appears with t;; = 6.7 & 0.3 min, coinciding
with 5'-phosphomonoester formation determined by
real-time 3P NMR: ty; = 7.4 &+ 0.8 min.'*” Because
base propenal formation lags strand scission, the
originally proposed alternative cleavage events of
Figure 7 are experimentally distinguishable. The
concurrent formation of base propenal and 5'-phos-
phomonoester indicates that the release of base
propenal from the oligonucleotide-5'-phosphate is the
final event of DNA cleavage. A distinctive feature
of the present mechanistic proposal which remains
to be documented is the persistence of a C3—C4
oxygen bridge for the interval between 2'-H release
and strand cleavage.

The latest proposal for a DNA cleavage mechanism
consistent with present data'®! concludes as shown
in Figure 7. A putative 4'-hydroperoxide is formed
by O, addition to the 4'-DNA radical, followed by
reduction of the resultant peroxyl radical to a per-
oxide. The latter undergoes a Criegee rearrangment,
possibly with iron catalysis, and forms a 4'-carboca-
tion with an oxygen inserted between C3' and C4'.
This intermediate is thought to eliminate the 2'-pro-
R-proton and the C1'—0 bond to form a glycosidic
N-cationic intermediate that is a mixed diester of
base propenal with glycolic acid and the 3'-phosphate.
Elimination of either oxygen would accomplish strand
scission; subsequent reaction of the base propenal
monoester cation with water would form a hemiacetal
expected to decompose quickly to base propenal and
the other acid. The glycolate proved to be the better
leaving group, always released before the phos-
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phate.'*” A similar pathway in which the peroxide
intermediate is replaced by a 4'-alkoxyl cation inter-
mediate®® is described in section 1V.

IV. The Central Reactions

Rapid reactions convert activated bleomycin to
Fe(l11)-bleomycin and commence the degradation of
DNA, if present. These events will be called the
central reactions. They include reactions responsible
for initiating two distinct resolution pathways from
a single initial DNA lesion. The central reactions
bridge the more experimentally accessible portions
of pathways that account for activated bleomycin
formation and for the resolution of DNA damage. The
central reactions are thus at the crux of what remains
unknown about bleomycin reaction pathways.

The ability of activated bleomycin reaction mix-
tures to perform either one- or two-electron oxida-
tions®” is consistent with the idea that partitioning
of the DNA degradation pathways is a consequence
of whether the initial bleomycin-mediated oxidation
removes one or two electrons from the deoxyribose
C4' 84135150158 Activated bleomycin itself need not be
the species that directly attacks DNA. In the base-
releasing, alkali-labilizing pathway of DNA degrada-
tion, the two-electron oxidation product, a C4' cation,
is thought to react with water to form a 4'-hydroxy-
lated deoxyribose intermediate.®* It is unclear
whether the oxidation occurs directly or by a further
one-electron oxidation of a deoxyribose 4'-radical. The
latter possibility is consistent with observations of
DNA product partitioning discussed below. The
bleomycin degradation product of an aristeromycin-
containing oligonucleotide, a 1',5'-desaturated ring,
is also consistent with the proposed formation of a
C4'-carbocation from a C4'-radical.?>®

In the DNA-cleaving pathway, the putative one-
electron oxidation product of hydrogen atom abstrac-
tion is a C4' radical that forms an adduct with
endogenous 0,.3656.152153 Thijs peroxyl radical then
reacts to yield DNA cleavage, putatively after reduc-
tion to a peroxide.>® This peroxide adduct has been
formed as a product of a model C4'-DNA radical
generated by photolysis of a phenylselenide precur-
sor, and observed by matrix-assisted laser desorption/
ionization mass spectroscopy (MALDI-MS).1%° If O,
is not made available promptly in the bleomycin
reaction, only base release occurs.”> This contingency
of bleomycin cleavage on prompt availability of O, is
not observed with photolytically formed 4'-DNA
radicals, which can cleave the 3'-phosphate anaero-
bically.16%161 Bleomycin appears to limit the ability
of a 4'-radical to migrate elsewhere. That a 4'-DNA
radical actually forms in bleomycin reactions was
verified by experiments employing a radical-trapping
analogue of the target oligonucleotide d(CCGG).** It
seems difficult to maintain that the reaction with O,
of the DNA radical is the product-partitioning step,
however, because the quantity of free base released
is not diminished when base propenal formation is
enhanced.”? Conversely, the fate of the C4' radical
in the absence of O, was difficult to understand, since
O, removal does not enhance free base release and
since no other product, including a restored 4'-H,5!
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Figure 8. Putative “central reaction” pathways of acti-
vated bleomycin and DNA. The rate-limiting reaction of
activated bleomycin (BLM-Fe!"OOH") is O—0O cleavage (a),
which is thought to be heterolytic. The intermediate
product is [BLM-Fe=0]V, which is analogous to peroxidase
compound 1. This [BLM-Fe=Q]V can participate in two
reactions. In one (b), it oxidizes activated bleomycin to yield
2BLM-Fe''' + O, + OH~ in a catalase-type reaction that
results in chain termination. In the other (c), [BLM-Fe=0]V
reacts with DNA, producing a DNA-C4' radical and BLM-
Fe=0'V, which is analogous to peroxidase compound 1. The
DNA radical and BLM-Fe=Q'V can react in two ways. One
(d) regenerates [BLM-Fe=0]Y, while the second (e) pro-
duces BLM-Fe'"', which reacts with neither O, nor DNA
and thus results in chain termination. The chain-propagat-
ing oxidation of BLM-Fe=0Q'" to [BLM-Fe=0]V (d) depends
on O, addition (f) to the DNA radical to form a DNA peroxyl
radical, which is then reduced (d) to the peroxide by BLM-
Fe=0'V. The DNA peroxide resolves to DNA cleavage with
base propenal formation. The chain-terminating reduction
(e) of BLM-Fe=0'" to BLM-Fe'"" + OH~ by the DNA radical
is proposed to yield a DNA-C4' cation independent of O,.
This DNA carbocation reacts with water and releases free
nucleic base as it forms a 4-ketodeoxyribose 3,5-diphos-
phate derivative, which thereby renders the DNA strand
alkali labile.

has been identified. A solution for this dilemma is
emerging from an unexpected quarter: a model for
the formation of closely spaced double lesions.

An explanation of the partition stoichiometry para-
dox and lack of anaerobic phosphate cleavage emerges
from the idea that bleomycin and DNA tend to react
a second time soon after forming the initial lesion.
The reaction, proposed'3®~137 to account for a high
incidence® of closely spaced cleavages in opposing
strands, is depicted in Figure 8. It also accounts for
the reduction of the 4'-DNA peroxyl radical to the
peroxide® shown in Figures 7 and 8 as an intermedi-
ate in DNA cleavage. The required reductant is
thought to be an analogue of peroxidase compound
11, produced from the proximate active bleomycin
species when it makes the 4'-H abstraction by a one-
electron oxidation and thus is reduced by one elec-
tron. By returning an electron to the DNA peroxyl
radical,**® the compound Il analogue would thereby
produce a DNA hydroperoxide and revert to its two-
electron oxidant status.'® Such recycling constitutes
an oxygen-driven chain reaction in which O, would
execute one-electron oxidations of both the DNA and
bleomycin products immediately after their forma-
tion.'%¢ The unstable proximate active species, once
regenerated, is likely to react again before it can
travel far,**®> which would account for the closely
space double-strand lesions that constitute 10—20%
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of cleavage events.®® The plausibility of this proposal
for double-lesion formation is reinforced by the find-
ing that double lesions may include one alkali-
labile DNA lesion, but they never include a pair of
them:%%2 an oxygen-dependent DNA degradation
event is required for this phenomenon.3>

The same mechanism may account for another, less
obvious, double lesion. The size distribution of same-
strand cleavage events includes an anomalous >2-
fold enhancement of same-strand double cleavages
spaced 3 nucleotides apart, even at low levels of total
cleavage.'®® Alkali-labile lesions formed aerobically
also contribute to a similar distribution anomaly.
However, when anaerobic activated bleomycin de-
grades DNA, forming only alkali-labile lesions,'3° the
size distribution anomaly disappears. Thus, single-
strand lesion pairs, like opposite-strand pairs, must
include at least one frank, oxygen-dependent cleav-
age. Closely spaced lesions in either the opposing
or the same DNA strands would reflect the action of
the newly reformed proximate attacking species.

The putative regeneration of [bleomycin-Fe=0]
from a bleomycin-Fe=0" product by ‘O—0—-C4'—
DNA in a chain reaction (Figure 8) is a welcome
proposal because it argues for the existence of a
bleomycin intermediate that is an obvious source of
the electron required to reduce a peroxyl radical to
the putative 4'-deoxyribose peroxide shown in Figure
8. Competing with O, for the C4' radical, the
bleomycin-Fe=0'Y might instead act as an oxidant
and convert the radical to a 4'-carbocation. This
would initiate free base release and yield the unre-
active Fe(l11)-bleomycin, a chain-terminating reaction
denoted e in Figure 8. If free base is thus a product
of the major chain-termination reaction, free base
yield would be independent of chain length, and
therefore [O;]-insensitive. The other mode of chain
termination, which would result in bleomycin suicide,
is the decay of activated bleomycin while dissociated
from DNA. This is probably minor, since the pres-
ence of DNA is demonstrably protective.’® One
confirmed prediction of the Figure 8 model is that
the yield of free base should be independent of base
propenal yield.”? Another prediction is stoichiomet-
ric: for each equivalent of attacking bleomycin, one
free base should appear, provided that adequate DNA
is available. This prediction differs from the current
stoichiometric estimates.”® Thus, the observed sto-
ichiometries of base propenal formation to free base
release and of base propenal formation to activated
bleomycin gave an estimate of only 0.5 equiv base
release per activated bleomycin. To better test this
chain-termination hypothesis, the ratio of free base
to activated bleomycin should be reexamined, par-
ticularly under a range of conditions known to alter
the yield of base propenal, such as [O;].

The chain reaction hypothesis also predicts that the
proportion of closely spaced lesions will be higher
under conditions known to enhance the yield of base
propenal. Higher base propenal yield was conspicu-
ous in incubation mixtures containing 2H,0.5%8 Mix-
ing experiments with solutions of DNA and of acti-
vated bleomycin prepared in 2H,0O and H,O indicate
that the ?H,0 Kinetic locus occurs as a part of the

Chemical Reviews, 1998, Vol. 98, No. 3 1165

central reactions rather than during drug activation
or DNA cleavage resolution (unpublished data). The
predicted increase in the incidence of closely spaced
lesions in 2H,0 should be verified.

An attractive variant to this chain proposal in-
volves a recently proposed alternative to the forma-
tion of DNA hydroperoxide.'>” Like other early
intermediates in DNA degradation which have not
been observed, the 4'-hydroperoxide was thought to
be short-lived. This is difficult to maintain because
a model of the intermediate has been prepared and
appears to be stable enough for observation.53163 In
another experiment a hydroperoxide was produced
in an oligonucleotide with a photolytic, radical-
generating 4' substituent.15%160 |n this experiment
light treatment for 100 min was used to accumulate
the peroxide for MALDI-MS characterization. This
discrepancy between actual and assumed hydroper-
oxide stabilities is avoided in a proposed mechanism
which gives the same cleavage outcome without the
peroxide intermediate.’® Were the newly formed
DNA peroxyl radical to interact with the bleomycin-
Fe=0O'" and displace the O as OH", it would form a
transient complex of bleomycin-Fe(111)OODNA. Het-
erolysis of the O—O bond could then regenerate
[bleomycin-Fe=0]v and release a 4'-DNA alkoxyl
cation which would undergo ring enlargement by a
C3'—C4' oxygen insertion and proceed to base pro-
penal formation as previously proposed.'5* The only
alteration to the prior proposals!®®5! would be sub-
stitution of the bleomycin—peroxide—DNA and alkoxy
cation intermediates for the hydroperoxide, and a
change in the origin of the oxygen atom in the
regenerated [bleomycin-Fe=0]V.

V. Other Bleomycin Reactions

Bleomycin reactivity is not limited to DNA damage
by iron—bleomycin, as mentioned above. The actions
of activated bleomycin on small molecules have been
likened to those of cytochrome P-450, but Padbury
and Sligar®? argued for a specificity closer to that of
chloroperoxidase. When single-oxygen donors such
as iodosylbenzene are combined with bleomycin, a
wider range of activities is observed,3 but it is not
clear that they involve bleomycin species resembling
or derived from activated bleomycin.

A. RNA Cleavage

The mechanism of RNA cleavage is not as well
understood as that of DNA cleavage. Bleomycin was
not thought to attack RNA until 1989, when it was
shown that high concentrations cleave transfer RNA
at several sites, releasing uracil and adenine.®°
Relatively fewer sites in RNA than in DNA sustain
cleavage, and not all RNA cleavage sites have the
sequence GpY. Some tRNAs are not cleaved at all.
The secondary structures of RNA play an important
role, and regions of transition between single- and
double-stranded structures of tRNAs and r-RNA are
especially prone to cleavage. This relaxation of
sequence specificity, together with failures to detect
cleavage in heteroduplex ribo/deoxyribonucleotide
polymers,?82° led to proposals that irregular second-
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ary structures characterized RNA sites susceptible
to bleomycin.® Now that some cleavage has been
found in RNA:DNA hybrids,'%* more subtle rules are
sought for predicting site specificity. Comparisons
were therefore made of cleavage in DNA and RNA
targets of similar structure such as precursor tRNA
and its single-strand DNA counterpart,'®® and in
targets with alternative structures, such as 5S ribo-
somal RNA, which assumes very different secondary
structures alone and in DNA heteroduplex.'®* To
distinguish between fine and gross structural deter-
minants of differences in cleavage of DNA and RNA,
cleavage of B. subtilis tRNAMS precursor was com-
pared to that of its analogous tDNA. Both targets
showed the same principal cleavage site: Uss (or Tgss)
in a GUG between two duplex regions, called a stem—
stem transition. This was surprising, as DNA cleav-
age canonically requires a duplex configuration.
However, there were still differences in cleavage of
similarly configured DNA and RNA: the tRNA
cleavage at its unique site is less efficient than that
of DNA, even though the tDNA is significantly
cleaved at 10 additional sites.’®> In another experi-
ment, when 10S ribosomal RNA was heteroduplexed
with its complementary DNA, the RNA became much
more bleomycin-sensitive than the rRNA alone, being
cleaved at several sites, none of them a GpY.1%* An
effect of the RNA on the DNA strand was also seen:
the heteroduplex DNA was cleaved at GpY sites, but
at fewer of them than when homoduplexed. Se-
quences predisposing certain DNA sites to resist
cleavage when heteroduplexed have been identi-
fied,134165 hut a coherent theory has yet to be verified.

The chemistry of RNA cleavage must differ from
that of DNA, since the 2'-pro-R-H, which is released
early in DNA cleavage, is replaced in ribose by OH.
The substitution of OH for H in either 2' position does
not prevent cleavage: in the chimeric oligonucle-
otides, [d(CG)rCd(TAGCG)]. containing one ribose at
its C; target site, and [d(CG)araCd(TAGCG)],, con-
taining arabinose, where the 2'-H and -OH in C3 are
reversed, both riboC; and araC; are cleaved,® but
cleavage at arabinose is three times that at the
ribose.’®” Perhaps the stereospecificity of 2'-H loss
seen with DNA may be relaxed with RNA. Cleavage
at the chimeric riboC is inhibited; its oligomer is
cleaved predominantly (87%) at dC, yielding about
1 equiv of cytosine propenal. With the arabinose
chimera, cleavage occurs equally at dC; and araCs;
and equimolar cytosine propenal appears, which was
not expected.3® The difference in cleavage between
ribose and arabinose indicates that stereospecificity
at C2' is important, but there is no sign that a 2'-
hydroxy base propenal ever formed, as would be
expected if the ribose 2'-H were removed as from
deoxyribose. No base propenal was found in the
initial RNA cleavage study.®® Tracing the fates of
ribose carbons 1—3 would buttress the mechanistic
proposals so far expounded.®®'6” These proposals
include the abstraction of H4' and insertion of a
hydroperoxide there, as with DNA. The principal
evidence for this is an oligonucleotide product that
comigrates with the authentic 5'-phosphoglycolate
produced by degradation of an analogous oligodeoxy-
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nucleotide. The 4'-H kinetic isotope effects that
accompany DNA degradation have not been reported
for RNA. A requirement of O, for RNA degradation
by Fe(ll)-bleomycin has been established®” but the
only direct evidence for or against a second O, as
required for DNA cleavage, is the formation of
phosphoglycolate as a product. A proposal has been
made that bleomycin can attack RNA by abstracting
H1',%0 and a derivatve predicted of such an event and
sequelae was produced in bleomycin—RNA reaction
mixtures.’®® This interpretation of the derivatization
experiment could be strengthened by tracing the
fates of C1' and H1' and, if possible, by demonstrating
a H1' isotope effect.

Finally, there is evidence that yet another bleomy-
cin reaction with RNA is possible that must have an
entirely different mechanism: in the absence of
metals bleomycin can promote a hydrolytic cleavage
of tRNA, evidenced byproducts comigrating electro-
phoretically with those of RNA hydrolysis.1®® Bleo-
mycin is a molecule of many talents.

B. Nonferrous Metal Cofactors

Although iron appears to be the most effective
bleomycin cofactor, other metals bind strongly to
bleomycin, and some, including Cu, Co, Mn, Ru, and
V, can facilitate DNA cleavage by mechanisms less
well understood than that of iron.’’® Nonferrous
metals were not initially considered possible bleo-
mycin cofactors, since they inhibited bleomycin DNA
cleaving activity.**'"* For bleomycin to show activity
with nonferrous metal ions, more is required than
the presence of O, as a cofactor. Thus, Co(lll)-
bleomycin'”? and Ru(ll)-bleomycin'”® require light to
nick DNA. The Co complexes reportedly produce 3'-
phosphoglycolate termini in the presense or absence
of O,, but no base propenal is produced.'’* Thus
cobalt—bleomycins must initiate reactions differing
from those of iron—bleomycins. Among the DNA
products free nucleic base is found, and 4'-hydroxy-
lated sites were identified, suggesting that a C4'
carbocation is produced by the cobalt reaction. Of
several Co(lll)-bleomycin complexes examined, the
active ones were the formato and hydroperoxo ter-
nary complexes.t’

The activation reactions of Co(ll)-bleomycin paral-
lel those of Fe(ll)-bleomycin activation:76-177

2Co(ll)-bleomycin + 20, — —
HOOCo(l11)-bleomycin + Co(ll1)-bleomycin + O,
3

However, there are differences: the two Co(lll)-
bleomycin species are differently colored, Co(lll)-
bleomycin does not react with peroxide,'’” and HOO-
Co(lll)bleomycin is stable for months.*'* This stabil-
ity plus its extremely strong binding to DNA (Kq~10~7
M114174) has made HOOCo(l11)-bleomycin the choice
for modeling activated bleomycin (HOOFe(lll)-
bleomycin) and its structural interactions with DNA '3

Like Co, Ru(ll) requires light but, unlike the Co-
(111) complex, it requires O, to nick DNA.'”® Light
also potentiates DNA cleavage by Fe(l11)-bleomycin,
and the proposed reduction to Fe(l1),8* which would
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permit the familiar reactions with O, and DNA, was
verified by formation of the chromophore with added
ethyl isocyanide in the absence of O,, and of DNA
cleavage products in its presence.r’”® Mn(ll) and VO-
(1V) complexes plus H,0; also cleave DNA, but the
reactions are not well-characterized. The DNA se-
guence specificity of the VO(IV) complex differs
somewhat from that of iron, its cleavage efficiency is
50-fold lower, and the products have not been identi-
fied.'® In one study the Mn(l1) complex yields free
base and base propenal from DNA when H;0; is
used, but at 1-3% the yield of similar Fe(lll)
mixtures.’® In another study, DNA cleavage oc-
curred with Mn(ll)-bleomycin lacking H,O,, but it
required O, and produced no base propenal.*® In
every case where nucleotide sequence specificity has
been examined, cleavage is favored at the GpY sites
as with iron—bleomycin,® and the product oligo-
nucleotide electrophoretic mobilities appear charac-
teristic of 5'-phosphoglycolate where controls were
run permitting direct comparison with products of
Fe—bleomycin and of Maxam—Gilbert digests.&3
Cu(l)-bleomycin may also cleave DNA notwith-
standing reports that Cu ions are inactive or inhibi-
tory,** do not produce base propenal or much free
base,*®* and evidence that the activity in Cu-contain-
ing reaction mixtures may be due to adventitious
Fe.’®5 Conditions were found under which additions
of Cu(ll) augmented the cleavage of DNA seen in the
presence of metal-free bleomycin and the reductant
dithiothreitol, which was significant.®® In another
experiment Cu(l1)- and Fe(l1)-bleomycin were shown
to produce similar yields of cytosine and/or (unspeci-
fied) cytosine propenal, provided the metal ions were
combined with bleomycin and dithiothreitol for 5 min
prior to DNA addition. Under these circumstances
the reductively recycled iron—bleomycin would
be largely inactivated in the suicide reaction.
Cu(ll)-bleomycin differs from Fe(lll)-bleomycin in
requiring > 10 min preincubation with the reductant
before showing significant activity. These studies!s®
make it clear that copper can enhance cleavage of
DNA in bleomycin reaction mixtures, but they do not
indicate the relevant mechanism(s), which may be
complex and different from that with iron alone.

VI. Pharmacological Considerations

In considering how bleomycin cleaves nucleic acids,
little attention was given to what makes bleomycins
useful drugs or what limits their usefulness. Bleo-
mycin is selectively toxic to tumor cells not because
their DNA is different but because they take up
bleomycin more readily than normal cells do. When
complexed to NMR-visible, or radioactive metal ions,
bleomycin may be used as a tumor-imaging agent or
for radiotherapy.®7-18 | jke all antitumor drugs,
bleomycin is toxic to normal cells too. Skin and lung
are especially sensitive tissues, but their apparent
accessibility to oxygen may be less important than
their relative paucity of bleomycin hydrolase,'® a
detoxifying enzyme that removes the -aminoalanine
carbamoylamine (indicated (3) in Figure 1). Bleo-
mycin finds some use in wart removal;*°! the limiting
side effect of its antitumor use is a fatal lung
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fibrosis.'®2 Bleomycin does not enter cells readily,
and providing it to cultured cells by electroporation
enhances its potency 1000-fold.'® Electroporation of
tumors in situ has shown promise in the clinic.!®*
Tumor cells may become resistant to bleomycin by
destroying it,’*> excluding it,’% or repairing DNA
more actively.'® Skirting the dangers of toxicity and
resistance may be the most practical challenge in
enhancing bleomycin therapy. Predicting these limi-
tations in individual patients is important because
susceptibility varies greatly among individuals, and
the onset of irreversible lung fibrosis is delayed.
Progress has been made both toward predictive
testing and discovery of less toxic drug congeners. For
reviews on these medicinal considerations and on
how bleomycin interacts with the vast complications
of cell physiology, such as oxidant-protection sys-
tems,% the reader should seek elsewhere.1%:12:199.200
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