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Abstract. Various aspects of interaction of the antitumour
glycopeptide antibiotic bleomycin with nucleic acids are con-
sidered. Data on equilibrium binding parameters obtained by
various physicochemical methods have been collected and
compared. The contribution of N- and C-terminal domains of
the glycopeptide molecule to the binding with DNA and sequence
specificity of DNA cleavage are discussed. Data on a recently
created new class of compounds — bleomycin — oligonucleotide
conjugates — are presented. These compounds, like antibiotics,
possess DNA-cleaving activity (also in a catalytic manner) together
with high selectivity towards a selected nucleotide sequence. The
bibliography includes 267 references.

1. Introduction

1. A brief review of the bleomycin antibiotics family
The discovery and pioneering studies on the family of bleomycin
antibiotics date back to 1963 when a group of Japanese
investigators headed by Umezawa detected a substance possessing
a high antibiotic activity in the culture fluid of the mutant strain of
the soil bacterium Streptomyces verticillus. Just three years later, in
1966, a wide range of structurally related compounds, given
common name of bleomycins, were isolated.'? Owing to their
beneficial therapeutic effects, these compounds have found wide
use in the clinical practice as valuable pharmaceutical drugs
endowed with both antibacterial and, even more important,
antitumour activities.*~® The major area for clinical application
of bleomycins is in the chemotherapy of malignant tumours,
particularly of lymphomas and squamous carcinomas.’~12 Along
with their high antitumour activity, bleomycins are characterized
by relatively low toxicity and lack of immunodepressive action
which makes them helpful tools in combined chemotherapy.!>4
Applications of bleomycins in clinical oncology have been
described in numerous reviews and special publications.!>~2°
Simultaneously with practical applications of bleomycin
antibiotics, in-depth studies into their actions on the cell were
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under way. It turned out that the main target for bleomycin
antibiotic action in the cell is DNA.2-22 Bleomycin has a number
of actions coupled to DNA degradation, namely, the loss by animal
and bacterial cells of their ability to form colonies,’ inhibition of
DNA synthesis,>23 chromosomal aberrations,?* intracellular DNA
degradation to acid-soluble products,® and DNA dissociation
from the membrane complex.?6 These findings prompted extensive
research concerned with bleomycin interactions with DNA with
special emphasis on its binding to DNA, action mechanisms,
cofactors required, etc. Recent studies have demonstrated that
bleomycin can also cleave RNA. This important discovery gave a
strong impetus to further studies into the action mechanisms of
bleomycin and the basis for its biological activities.

To date, a great body of information on this antibiotic has been
accumulated in the literature. Some of the data concerning the
nature of bleomycin interactions with DNA are presented in this
review.

2. Functional domains of bleomycin
Since the initial isolation of individual bleomycins, intensive studies
have taken place with the aim of establishing the structure, the
elucidation of which required a vast variety of chemical and
physicochemical methods including NMR spectroscopy and X-ray
analysis. For general features, this work was completed by 1972.%7
In 1978, the bleomycin structure was finally elucidated;?® total
chemical synthesis of bleomycin A, was carried out in 1982.2°
Bleomycins are glycopeptides with a molecular mass of about
1500 Da. The fragment of the molecule (termed as bleomycinic
acid) common to all bleomycins consists of pyrimidoblaminic acid,
B-hydroxyhistidine, 4-amino-3-hydroxy-2-methylpentanoic acid,
threonine, 2'-(2-aminoethyl)-2,4'-bithiazole-4-carboxylic  acid
linked by peptide bonds, and a carbohydrate moiety containing
3-(O-carbamoyl)-D-mannose and L-gulose attached to the
hydroxyl group of B-hydroxyhistidine. The structures of bleomy-
cin (Blm) and C-terminal amines of the most commonly occurring
bleomycins are given below. Individual bleomycins differ from one
another by the terminal amine bound to the carboxyl group of the
bithiazole residue. Bleomycinic acid (Blm —OH) represents a
compound with OH instead of NHX. Depending on the
composition of their terminal amines, bleomycins are divided
into two subgroups: A and B. Group A bleomycins carry in their
terminal amine both primary and secondary amino groups with
the exception of bleomycins A, and A,; group B bleomycins have
guanidinium groups. Studies on bleomycin carried out abroad were
largely performed on bleomycin A and blenoxane, 2 mixture of
bleomycins A, (60% - 65%), bleomycin B, (30%) and minor
components (B4, As etc.). In our country, bleomycin As is
routinely used in clinical practice and in laboratory studies.
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NH(CH2)3S+(CH3)2 Bleomycin A2 (Blm-Az)
NH(CH:)sNH(CH:)sNH; Bieomycin As (Blm-As)
NH(CH,);SCH3 Demethylbleo- (DMBIm-A )
mycin A;
NH, Bleomycin B (Blm-B5)
NH(CH,)sNHC(NH)NH, Bleomycin B, (Blm-B3)
NH(CH;);NH(CH;);N(CH2);  Bleomycin BAPP (BIm-BAPP)

In parallel with the determination of the bleomycin structure,
general concepts of molecular mechanisms of their biological
activity were developed. It was found, in particular, that bleomycin
can interact with DNA and form strong noncovalent complexes
with it.30-34 Bleomycin can also form complexes with metal ions
and cause DNA degradation in the presence of Fe(ll) ions and
molecular oxygen.3-37 Based on these findings, the bleomycin
molecule was conventionally divided into domains in accordance
with their specific function.’®-4° Pyrimidoblaminic acid and B-
hydroxyhistidine are involved in the metal-binding domain. The
primary and secondary amino groups present in this domain
provide for the formation of a tight complex with many transient
metals.*'-44 The bithiazole residue and the C-terminal amine
responsible for the binding to DNA are termed ‘the DNA-binding
domain’. 4-Amino-3-hydroxy-2-methylpentanoic acid and threo-
nine determine the reciprocal arrangement of these two domains
needed for the tight binding and effective cleavage of DNA.
Finally, the disaccharide favours the binding of molecular oxygen
which, in turn, is necessary for oxidative cleavage of DNA.#5.:46

II. Binding of bleomycin to nucleic acids

1. Parameters of equilibrium binding

An assumption that bleomycin binds to DNA was made as long ago
as 19693933 and the first evidence for the binding of tritium-
labelled bleomycin A, to E. coli DNA was obtained a year
thereafter.3* However, systematic studies of this process employing
physicochemical methods were begun only in the late 1970s. The
discovery of quenching of bleomycin fluorescence in the binding of
the antibiotic to DNA was a boon for experimenters.3® Being light-
excited at the wavelength of 300 nm, bleomycins produce two
emission bands with maxima at 353 and 405 nm. Light with a
wavelength of 353 nm is emitted by the bithiazole residue and
exceeds in intensity the emission of the 4-aminopyrimidine ring at
405 nm. Addition of calf thymus DNA to bleomycin solutions

results in significant (up to 50%) quenching of the fluorescence at
353 nm. This finding made it possible to quantify both bound and
free bleomycin and to calculate, at variable concentrations of
DNA, the apparent equilibrium binding constant, Kapp, and the
number of DNA nucleotides per bound molecule of the
antibiotic, n. The Kypp and n values were also determined using
equilibrium dialysis,*” ~4° gel filtration ¥ and circular dichroism
spectroscopy (CD).5°~52 The values of Kapp and n determined by
different methods are summarized in Table 1.

As can be seen from Table 1, the binding constants determined
by different authors for metal-free bleomycin A vary from 10° to
106 dm3 mol—!. The number of DNA base pairs per bound
antibiotic molecule also varies significantly in different studies,
being equal, on average, to 3 - 10 pairs. The lower values cited in the
most recent papers %255 appear to be far more reliable. An increase
in ionic strength does not affect the K., values but increases the n
value, thereby decreasing the number of accessible binding
sites. 354 Interestingly, bleomycin binding to homogenous DNA
of poly(dG)-poly(dC) and poly(dA) - poly-(dT) appears to be
stronger than that to heterogeneous DNA, and parameter n*®
is greater in the former case. The binding of bleomycin to the
bivalent copper ion slightly decreases the binding constant but
increases the number of accessible binding sites.*>57 At the same
time, the binding constant for the blenoxane — Fe(IlI) complex is
twice as high as that for blenoxane itself, while the number of
accessible binding sites is the same in both cases.’® Bleomycin
complexes with Co(1Il) are characterized by K,pp of 105 to
107 dm? mol~! depending on the nature of the chelated
ligand.’%* An increase in ionic strength strongly decreases the
constant of binding of bleomycin — copper and cobalt complexes to
DNA without any change in the number of base pairs per bound
molecule,*® 5 thus suggesting that electrostatic interactions have a
role in this process.

Evidence concerning the parameters of bleomycin binding to
RNA is very sparse in the current literature except for a study,® in
which K,pp, and 7 values for blenoxane binding to yeast
phenylalanine tRNA were determined by the fluorescence
quenching method. The parameters of binding to this tRNA
are close to those for DNA (Kapp=086x10° dm?® mol—! and
n=25 in 5 mmol dm—3 phosphate buffer pH 7.0).

Most of the data listed in Table 1 were obtained using the
method of quenching the fluorescence of bithiazole rings. This
widely used procedure, which has a number of indisputable
advantages (simplicity, rapidity, etc.), also has some limitations.
Firstly, the quantum yield of this fluorescence is rather low (ca.
0.01).3 Chelation of the metal ion leads to a further decrease in
bleomycin fluorescence,> 7 which imposes certain restrictions on
the accuracy of the experimental results. Secondly, according to
recent data,> upon excitation by light with a wavelength of
300 nm, the intensity of bleomycin fluorescence decreases
significantly with time due to the decay or phototransformation
of the bithiazole residue that has been neglected in earlier studies.
Finally, bleomycin fluorescence is effectively quenched not only by
double-stranded DNA (binding data are given in Table 1) but also
by single-stranded DNA and RNA.5*57 However, it is known that
neither single-stranded DNA nor RNA protect double-stranded
DNA from bleomycin action.2-% Apparently, the mode of
bleomycin fluorescence quenching by these substrates depends
on the binding type and affinity. The fact that, after incubation
under identical conditions and subsequent dialysis,>* the amount of
tritium-labelled bleomycin on double-stranded E. coli DNA
exceeds 30-fold that on ribosomal RNA, provides additional
evidence that fluorescence quenching does not indicate strong
binding. Moreover, the fluorescence quenching itself depends, in
turn, on the composition of DNA: poly(dG)- and
poly(dG) ‘- poly(dC) sequences quench the fluorescence to a
greater extent.>*5 Presumably, the K., and n values listed in
Table 1 are mean values for different binding sites displaying
different affinity.
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Table 1. Parameters for equilibrium binding of bleomycins, metal-containing bleomycins, and bleomycin A» C-terminal fragments to DNA.
Compound 10° K, /dm? n? Buffer conditions DNA Method ® Ref,
mol—! 2
Heterogeneous DNA at low ionic strength
Blm-A-> 1.2+£02 1 +1 1.2 mmol dm—3NaCl, Calfthymus F 38
2.5 mmol dm 3 Tris — HCI
(pH84)
034+004 34+£05 1.2 mmol dm—3NaCl, Salmon F 53
2.5 mmol dm~3Tris— HCI sperm
(pH84)
78+05 2543 1.2 mmol dm~*NaCl, Calf thymus F 54
2.5 mmol dm 3 Tris - HC]
(pH84)
1.0 76 1.2 mmol dm~3Na(l, " F 55
2.5 mmol dm ~3 Tris — HCI
(pH 8.4)
Blenoxane 93 6 0.8 mmol dm ~3sodium ColEl E 47
citrate (pH 5.5)
41 10 1.0 mmol dm—3Tris - HCl Calf thymus F 56
(pH 8.0)
Heterogeneous DNA at ionic strength of 25 - 50 mmol dm—3
Blm-A-> 092 4+001 52+4 1.2 mmol dm —3NaCl, Calfthymus F 38
25 mmol dm 3 Tris —-HCl
(pH 84)
32 417 15 mmol dm~3NaCl, " F 57
15 mmol dm 3 Tris - HCI
(pH 84),1.5 mmol dm—3EDTA
8.1 36 50 mmol dm—3NaCl, " F 54
1.5 mmol dm —3 Tris - HCl
(pH 84)
5705 7406 25 mmol dm 3 Na,;HPO, " G 49
(pH70)
68+04 78 +04 25 mmol dm~3Na;HPO, " E 49
25401 6.6+ 06 (pH70)
Homogeneous DNA
Bim-A» 26+1 228+08 25 mmol dm —3 Na,HPO, poly(dG) - poly(dC) E 49
39402 90406 (pH 70)
19+1 294106 25 mmol dm 3 Na;HPO, poly(dA) -poly(dT) E 49
27101 132 +04 (pH70)
69.5 19.2 25 mmol dm —3 NaCl poly(dA) - poly(dT) F 58
0.51 27 10 mmot dm~3Na;HPO,
(pH 68)
870 204 100 mmol dm—3NaCl, poly(dA) - poly(dT) F 58
0.50 26 10 mmol dm ~3Na,HPO,
(PH68)
Heterogeneous DNA
Cu(11)Blm-A 2.3 77 15 mmol dm~—3NaCl, Calfthymus F 57
15 mmol dm—3 Tris - HCl
(pH 8.4),1.5 mmol dm—3EDTA
39403 56+04 25 mmol dm—3 Na,HPO, " G 49
(pH 70)
44+04 56+04 25 mmol dm 3 Na,HPO, " E 49
17+£0l1 42402 (pH70)
18+1 202+04 25 mmol dm —3Na;HPO, poly(dG) - poly (dC) E 49
26+01 82+06 (pH 70)
101 220106 25 mmol dm —3 Na;HPO4 poly(dA) poly(dT) E 49
1701 120+ 06 (pH70)
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Table 1 (continued).

Compound

105 Ky /dm?
mol—1 2

na

Buffer conditions

DNA

Method ® Ref.

Cu(11)Blenoxane

Fe(11I)Blenoxane
Fe(1I)BIm-A,

Co(IINBlm-A;

HO; —Co(111)Blm-A;

H,0O — Co(l11)Blen-
oxane

Cu(II)BIm-As

Ni(11)Blm-B,

Tripeptide S ¢

Acetyldipeptide ©

0.2

0.01
0.012
96

35
(pH 74)

47104
15+£02
130+ 30
500 +100

1943

195+ 0.04
059+ 001
45

10
1.5

75

52

10+2

10+2

8§42

6+2

26+2

14

841

35+4

16

16

25 mmol dm —3Tris — HCI
(pH 70)

50 mmol dm—3NaCl,
20 mmol dm 3 Tris— HCI
(PH 8.0)

50 mmol dm -3 NaCl,
20 mmol dm —3Tris - HCI
(pH 8.0)

1 mmol dm=3Tris — HC]
(pH 8.0)

50 mmol dm~3 Hepes

I mmol dm—3NaCl,
20 mmol dm—3 Tris—- HCI
(pH 8.0),1 mmol dm—3EDTA

20 mmol dm—3 NaCl,
20 mmol dm 3 Tris - HCI
(pH 8.0),1 mmol dm—3EDTA

20 mmol dm~3NaCl,
20 mmol dm 3 Tris - HC]
(pH 8.0),1 mmol dm—3EDTA

1 mmol dm—3NaCl,
20 mmol dm 3 Tris— HC1
(pH 8.0),1 mmol dm—3EDTA

140 mmol dm—3Na(l],
20 mmol dmm~3Tris- HCI
(pH 8.0),1 mmol dm—3EDTA

15 mmol dm—3NacCl,
15 mmol dm 3 Tris—- HCl
(pH 84),1.5 mmol dm~3EDTA

100 mmol dm—3NaCl,
10 mmol dm —3 Na,HPO,
(pH 75)

1.2 mmol dm—3NaCl,
2.5 mmol dm—3Tris - HCI
(pH 84)

1.2 mmol dm—3NaCl,
25 mmol dm 3 Tris— HCl
(pH 84)

1.25 mmol dm—3NaCl,
2.5 mmol dm—3Tris - HCl
(pH 84)

0.8 mmol dm 3 sodium citrate
(pH 5.5)

2 mmol dm ™3 Tris - HC1
(pH 8.0),1 mmol dm~3 EDTA

0. mmol dm—3EDTA,
10 mmol dm—3sodium
cacodylate (pH 7.0)

0. mmol dm—3EDTA,
10 mmol dm 3 sodium
cacodylate (pH 7.0)

Calfthymus

12-Meric
duplex

Calfthymus

Calf thymus

poly(dA) - poly(dT)

CD 51

CD 52
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Table 1 (continued).

Compound 10° Ky /dm? n® Buffer conditions DNA Method ® Ref.
mol ! @
Acetyldipeptide 270 208 25 mmol dm—3NaCl, poly(dA) - poly(dT) F 58
0.66 48 10 mmol dm—3Na;HPO,
(pH6.8)
749 417 100 mmol dm—3NaCl, poly(dA) - poly(dT) F 58
0.28 50 10 mmol dm—3Na,HPO,

(pH 638)

aWhere two values are indicated, the former corresponds to strong binding, and the latter to weak binding.
bF is fluorescence quenching; E is equilibrium dialysis; G is gel filtration; CD is circular dichroism spectroscopy.
< Blenoxane is a mixture of bleomycin A (60% — 70%), bleomycin B, (30%) and minor components (bleomycin A s, bleomycin B4, demethylbleomycin A2, etc.)

used as a chemotherapeutic drug.

dTripeptide S: ¢ Acetyldipeptide:
0 0
N NH N NH
0 T It /3\)L
HaN
: NH N S H,C” >NH N
HO” CH; s S* S S*
H,c” CHs c” cHs

Another method of wusing the fluorescence quenching
technique for a determination of the parameters of bleomycin
binding to DNA has been described by Sakai et al.*® In this study,
the fluorescence was excited at a wavelength of 260 nm (not
300 nm) as usual. This made it possible to increase the difference
between the fluorescence of DNA-bound and free bleomycin and
thus to increase the sensitivity of the method, as a result of which
two binding constants could be obtained for bleomycin binding to
poly(dA) - poly(dT). One of them, which reflects the binding of one
molecule of the antibiotic per 10 base pairs, corresponds to
stronger binding and is equal to (7-9) x 10 dm> mol—!, whereas
the other one, which reflects the binding of one bleomycin molecule
per 1.5 base pairs, is 5 x 10* dm? mol . The existence of different
binding sites was also demonstrated by applying the method of
equilibrium dialysis to tritium-labelled bleomycin A, and its
copper complex.4® The difference between K},pp and Kipp
determined for calf thymus DNA appeared to be insignificant
(6.8 x10° and 2.5 x 10° dm? mol—1). A greater difference between
the binding constants was observed when bleomycin A, was bound
to the homopolynucleotides  poly(dG)-poly(dC)  and
poly(dA) - poly(dT) (Table 1).

Hence, the parameters of equilibrium binding obtained by
various methods suggest a significant affinity of bleomycin and its
metal complexes for double-stranded DNA. Strong binding of the
antibiotic to the double helix precedes a cascade of events resulting
in oxidative degradation of the DNA chain#-66

2. The role of domains in binding

a. The role of the bithiazole residue and C-terminal amine in
bleomycin binding to DNA

Historically, NMR spectroscopy was the first and the most
informative method to shed some light on the involvement of
certain parts of the bleomycin molecule in the binding to DNA.
Bleomycin interaction with calf thymus DNA was accompanied,
first of all, by broadening and changes in the intensity of the signals
in the TH NMR spectrum of the bithiazole residue and the
dimethylsulfonium group, thus suggesting the strongest binding of
these fragments of the bleomycin A, molecule to DNA.3® The
phenomenon of quenching bithiazole ring fluorescence detected by
Horwitz et al. also argues for the interaction of the bithiazole
residue with DNA. This pioneering study was followed by a vast
series of NMR investigations into interactions of bleomycin A,
and its derivatives with poly(dA)- poly(dT).40-38.60.67-71 [t was

found that significant spectral changes were observed only in the
binding of bleomycin to double-stranded DNA, being maximal for
the signals for the aromatic protons of the bithiazole residue, which
upon interaction with poly(dA) - poly(dT) broadened and shifted
upfield. An upfield shift was also noted for adjacent protons:
CH;—S* and CH,—S* of the terminal amine, CH, — N of the 2'-
substituent of the bithiazole residue, and CH(CH1)CO of
methylpentanoic acid.®’

(0]
4
HO NH o A
NH N
0 K}( )
HzN CH3 HO CH3 S g+
7\

H;C CH3

Tetrapeptide S
0
N—¢~ “NH
Y
NH, N S
A
S NH

H:N

C-Terminal fragment Blm-A 5

Similar results were obtained in the study of binding of
bleomycin and its metal complexes to short duplex fragments of
DNA_52, 72-75

The use of the nuclear Overhauser effect (NOE technique)
made it possible to detect complex formation between bleomycin
containing a Zn(1I) or Fe(II) ion in the metal-binding domain, and
DNA .8 In this case, bleomycin acts as a spacer between DNA and
the metal ion. The general changes in the chemical shifts for the
protons of bleomycin during the formation of such a complex
virtually represent overall changes produced by chelation of the
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metal ion and its binding to DNA 40 The signals for the protons of
the N-terminal fragment of the molecule comprising B-hydroxy-
histidine and disaccharide change only upon their interaction with
the metal; those in the C-terminal dipeptide, only during the
binding to DNA, whereas the signals for the protons of 4-amino-3-
hydroxy-2-methylpentanoic acid and threonine are equally
sensitive to the both interactions.

The same research group studied the binding of C-terminal
fragment of bleomycin A, C-terminal fragments of Blm-A;
(acetyldipeptide, tripeptide S, tetrapeptide S) and Blm-As, to
DNA. The nature of changes in the signals for bithiazole ring and
terminal amine protons was identical for both the entire bleomycin
molecule and its C-terminal fragments. 8 -60.67.69 Thus, the NMR
spectroscopy data suggest that the C-terminal fragment of the
bleomycin molecule containing 2'-(2-aminoethyl)-2,4’-bithiazole-
4-carboxylic acid and the terminal amine binds to DNA to a
greater degree and apparently determines the strength of binding.

This conclusion was supported by the data obtained by
equilibrium methods. The parameters of binding of tripeptide S
and acetyldipeptide to DNA practically coincide with those for
bleomycin A (Table 1).3847.55.58.60 Ap attempt was made® to
establish a correlation between the values of binding constants for
the C-terminal fragments of bleomycin A, and their increasing
lengths, beginning with the dipeptide fragment. The latter plays a
crucial role in the binding; L-threonine increases the binding
constant by a factor of 2, while 4-amino-3-hydroxy-3-methyl-
pentanoic acid and P-hydroxyhistidine have no effect on the
magnitude of the binding constant.

This finding is consistent with the ability of bleomycin
C-terminal fragments to inhibit DNA cleavage by the complete
antibiotic.’¢77 Unlike other inhibitors, C-terminal fragments
diminish the cleavage proportionally to each cleavage site, ie.,
the inhibition is competitive.” It is necessary to mention in this
connection that bleomycin analogues devoid of the bithiazole
residue or C-terminal amine cleave DNA far less effectively than
the bleomycin itself’® -8 At the same time, they can chelate the
iron ion and effectively oxidise some organic substrates, e.g.,
cis-olefins.’®

b. The role of electrostatic interactions in bleomycin binding to DNA
As can be seen from Table 1, the parameters of bleomycin binding
to DNA depend on ionic strength, thus implicating electrostatic
interactions between bleomycin and DNA. An increase in ionic
strength also leads to a loss of the upper threshold of fluorescence
quenching.>* Similarly, an increase in ionic strength from 10 to
150 mmol dm—3 strongly attenuates the changes in the chemical
shift of the aromatic protons H(S) and H(5') of the bithiazole
residue and methyl CH3; —S* protons of bleomycin A; interacting
with poly(dA) - poly(dT). Under these conditions, the changes in the
chemical shifts of protons CH> — N of the substituent at position 2/,
of bithiazole and CH,—S* of the C-terminal amine, are
completely suppressed. No changes in the '"H NMR spectrum
of bleomycin added to DNA are observed at an ionic strength of
1.0 mol dm—3 7

It should be noted that the bleomycin molecule (devoid of the
terminal amine) has several ionogenic groups at its N-terminus: a
secondary NH group of 8-aminoalanine within the structure of the
pyrimidoblaminic acid (pK.=27-29), an N(I) atom of the
imidazole ring of f-hydroxyhistidine (pK.=47-49) and a
primary NH; group of B-aminoalanine (pK, =7.3 -77).27.82.83

The structure of the N-terminal fragment of Blm is given
below (the ionogenic groups within the pH range of 2-8 are
marked with asterisks).

This indicates that the positive charge of the bleomycin
molecule at pH 7.5 is mainly localised at the C-terminal amine
which provides for electrostatic interactions with the negatively
charged DNA backbone.

0. NH;

*
NH;

NH, O
*
"
NN
|
(0]
Y

CH; NH CO~
*
HO N
[}
N
H

Evidence for this assumption can be derived from the following
data.

1. Bleomycinic acid bearing a negative charge at its C-end only
weakly cleaves DNA.57-63.84

2. The extent of fluorescence quenching upon binding to DNA
increases in the following order: bleomycinic acid (negatively
charged C-end), bleomycin B; (neutral C-end), bleomycin A;
(positively charged C-end).>*5

3. Demethylbleomycin A, and deglycobleomycin A; with
neutral C-terminal fragments cleave DNA much more weakly
than does bleomycin A,.9%708.8 No changes in the NMR
spectrum of demethylbleomycin A, were found upon its inter-
action with DNA 6970

4. The copper complex of demethylbleomycin A, (1 x10—4
mol dm—3) does not cause any unfolding of the supercoiled
plasmid DNA, whereas the copper complex of bleomycin A;
provides its effective unfolding %

At the same time, there is evidence that the positive charge at
the N-end of the bleomycin molecule influences the binding of
bleomycin to DNA. Acetylation of the primary amino group of
B-aminoalanine gives acetylbleomycin A», whose N-end is neutral
at pH 6.8. Virtually no changes in the NMR spectrum of this
derivative occur in its interaction with poly(dA)- poly(dT).° The
appearance of a positive charge at the N-end of the bleomycin A;
molecule at pH<7 (6.8 and 4.5) results in a higher upfield shift of
bithiazole proton signals; however, this does not affect the shift of
proton signals in the N-terminal fragment of the bleomycin
molecule upon its interaction with DNA.”' Chelation of the metal
ion, e.g., Cu(1I) or Fe(1iI), which also provokes the appearance of a
positive charge in the N-terminal fragment of the antibiotic
molecule®? only weakly reflects on the value of the binding
constant.*56:57 However, the appearance of an extra charge at the
C-end of the bleomycin As molecule increases the degree of
fluorescence quenching and affinity of the antibiotic for DNA.34.57

The results presented above testify to the fact that electrostatic
interactions are a necessary prerequisite for bleomycin binding to
DNA. A crucial role in providing strong binding to DNA is played
by the positive charge at the C-terminal amine.

¢. Interaction of the N-terminal fragment of the bleomycin molecule
with DNA

In late 1970s, a definite concept was formed concerning the
relationship between the structure of the bleomycin molecule and
its biological activity, namely, that the C-terminal fragment of the
antibiotic binds to DNA, while its N-end chelates the metal (iron)
ion which interacts with molecular oxygen, eventually resulting in
DNA decay®-4% According to this concept, the interaction
between the metal-binding domain and DNA was thought to
be very weak. However, the 'H NMR spectra of the bleomycin N-
terminal fragment and the Zn(1I)-bleomycin complex reveal small,
though persistent changes upon their interaction with
poly(dA) - poly(dT).*® These changes are even more pronounced
in the case of the CO — Fe(1I)Blm-A; complex binding to DNA. In
parallel with the broadening and upfield shift of signals for the
protons of the bithiazole residue and the terminal amine, the
signals for the aromatic protons of f-hydroxyhistidine also tend to
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broaden considerably with a small shift towards the higher field.
The fact that the signals for the pyrimidine methyl protons also
shift upfield (by 0.08 ppm)®® is also suggestive of interactions
between the N-terminal fragment of the bleomycin molecule and
the DNA backbone.

'H NMR data on the binding of bleomycin to short
oligonucleotide duplexes provide support for the interaction of
the metal-binding domain with the double helix.’>73-7 The most
interesting results were obtained in the study in which the binding
of bleomycin As to the 8-meric duplex d(CGCTAGGCG), was
analysed ™ using the NOE technique. The authors succeeded in
establishing intermolecular interactions between the protons of the
a-CH,-group of B-hydroxyhistidine and H(4') of the deoxyribose
C(7) residue. The formation of a hydrogen bond between the NH>
group of B-aminoalanine and the oxygen atom of the
ribose —~ phosphate backbone in the oligonucleotide chain was
also postulated in this study.

EPR data provide additional support in favour of the metal-
binding domain interaction with DNA. Thus, the interaction of the
NO - Fe(11)Blm complex with calf thymus DNA was accompanied
by marked spectral shifts indicating changes in the Fe(iI)
microenvironment.*>87-88 Evidence for direct interaction of the
metal-binding domain with DNA can be derived from changes in
the EPR spectrum of ‘activated bleomycin’ [HOO — Fe(I11)Blm]
upon its binding to the double helix®® The binding to DNA
converts the Fe(1II)Bim complex from the high spin (g =4.3) to the
low spin state (g=245, 2.18, 1.89). In this case, native double-
stranded DNA stabilises the low spin state with a greater efficiency
than the denatured one?®®

Characteristic changes in EPR spectra are produced upon
addition of DNA to the Oz — Co(I1I)Blm-A > complex which mimics
the active O, — Fe(11)Blm-A; complex.’®! This may be due to the
alteration of the oxygen molecule orientation relative to the plane
containing the cobalt ion. Recent studies®? on this complex
revealed significant restrictions in the orientation of the O—-0O
bond, which is almost perpendicular to the main axis of the DNA
helix.
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Figure 1. The structure of the site of the bleomycin molecule that chelates
the copper ion (a)*>%* and the hypothetical position of the plane containing
ametal ion relative to the axis of the DNA helix (b).96-97

Conclusive evidence in favour of tight contacts of the metal-
binding domain and DNA is the displacement of ligand L from the
coordination sphere of the L — Fe(IIT)Blm complex (where L is the
ligand of the N3, S,03~ or SCN™ type).s!

The influence of the positive charge of the bleomycin N-
terminal fragment on its binding to DNA can also be regarded as
evidence of interaction of the metal-binding domain with DNA. In
this context, mention should be made of the study® in which
chelation of the Cu(II) ion by bleomycin A produced qualitative
changes in the binding of the antibiotic to supercoiled plasmid
DNA. Whereas metal-free bleomycin A» is practically incapable of
unfolding such DNA under conditions excluding DNA cleavage, its
copper-containing counterpart effectively eliminates the coils in
the DNA superhelix. It should be noted also that Cu(II) and Fe(II1)
complexes of bleomycin bind to DNA at different rates which also
points to the involvement of the bleomycin N-terminal fragment in
the binding to the polymer.*®

The application of the EPR method to oriented DNA fibres
provides valuable information on the position of the metal-binding
domain relative to the axis of the DNA double helix. As is known,
the nitrogen atoms in the N-terminal moiety of the bleomycin
molecule which chelate copper or iron ions, viz., the nitrogen atom
of the secondary amino group of B-aminoalanine, the N(1) atom of
pyrimidine, the N(1) atom of imidazole, and the nitrogen atom of f8-
hydroxyhistidine forming a peptide bond,*%* lie in one plane
with the metal ion (Fig. 1). For the bleomycin molecule bound to
DNA, the angle ¥ between the normal (perpendicular) to this
plane and the axis of the DNA helix has been found to be 15° for
the Cu(II)Blm complex, with rotational freedom of the normal
around one of the axes lying in the plane of base pairs of +80°.95
However, recent studies using the same model gave different
results, namely, the angle between the normal and the axis of the
DNA helix is 25° with deviations in the range of +30°9¢ This is
consistent with the earlier data for the Fe(IlI)Blm complex bound
to oriented DNA fibres (the ¥ value for this model is 15 —30° with
variations of +26°).97

Thus, the great body of experimental evidence testifies to tight
contacts of the bleomycin N-terminal fragment with DNA. These
contacts are manifested also in the influence of the metal-binding
domain on the specificity of DNA cleavage (see below).

3. Models of bleomycin binding to DNA

The data obtained by physicochemical methods suggest that the
interaction of bleomycin with DNA involves both the metal-
binding domain and the C-terminal fragment of the antibiotic
molecule. It is the latter, which contains the bithiazole residue and
the terminal amine and is especially tightly bound to DNA, that is
responsible for the binding to the polymer. We have already noted
that electrostatic interactions between the positively charged
terminal amine and the negatively charged sugar - phosphate
backbone contribute to the binding of bleomycin to DNA.
However, there exist other interactions that can also play a role
in the binding of bithiazole rings to DNA. The three hypotheses
postulating the nature of this binding are as follows: the
intercalation model, the partial intercalation model and binding
in the minor groove of DNA.

Both heterocyclic rings of the bleomycin bithiazole fragment
lie in the same plane ®® and can theoretically intercalate between
the base pairs of DNA. First experimental evidence for inter-
calation binding of bleomycin was obtained in 197947 It was found
that bleomycin A and its C-terminal fragment, tripeptide S, cause
the unfolding of covalently closed circular double-stranded DNA
and increase the length of short rod-like DNA molecules as
determined by their orientation time in an electric field. Moreover,
they favour parallel arrangement of the bithiazole rings and base
pairs as evidenced by linear dichroism data.*’ Changes of this kind
usually occur in intercalation binding®® Metal complexes of
bleomycin reveal a similar capacity upon their binding to DNA.
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It has already been mentioned that the copper-containing
complex of bleomycin A; can produce the relaxation of supercoiled
DNA.® According to Povirk et al.,*® the length of short-chain
DNA (150 base pairs) increases by 0.46 nm upon binding to the
Cu(II)Blm molecule. For the Fe(II)Blm complex, this value is
equal to 032 nm, and for Blm, 031 nm;*’ such elongation is
characteristic of typical intercalators.”>1°® At the same time, the
copper-containing complex of the bleomycin analogue phleomy-
cin, whose thiazole ring is partially reduced,’® does not produce
any elongation of DNA upon binding.*® It follows, therefore, that
DNA elongation can only be achieved in the case of a planar
chromophore.

In 1981, Lin and Grollman 2 proposed, on the basis of NMR
data, a model for complete intercalation binding of the bleomycin
C-terminal fragment to dinucleotides. In this study, the greatest
changes in the chemical shift (0.4 ppm) were observed for aromatic
protons of the bithiazole residue upon binding to pdG-dC.
According to this model, the bithiazole residue is ‘stacked’ to
base pairs in such a way that its aromatic protons appear to be
oriented towards the minor groove of DNA. Theoretical
calculations confirmed the indisputable energetic superiority of
the proposed intercalation model for binding of the terminal
positively charged amine in the minor groove of DNA 103

In a recent work by Wu et al.,”* two-dimensional NMR was
used to study the interaction of the cobalt-containing bleomycin A,
complex with the 10-meric DNA-duplex d(CCAGGCCTGG),. It
was found that the bithiazole residue intercalate between GC pairs
corresponding to positions C(6) and C(7). In this case, the upfield
shifts of the signals for bithiazole protons were 0.9 and 0.61 ppm for
H(5) and H(5"), respectively.

However, the model of complete intercalation binding does not
agree with numerous experimental data. Thus, the angle of
unfolding of supercoiled DNA upon its binding to the bleomycin
molecule is 12°,47 whereas for the majority of intercalators it
constitutes 17— 26°.19° Bleomycin interaction with sonicated DNA
did not increase significantly the solution viscosity and,
correspondingly, the length of the DNA chain,® which is in
conflict with the results reported by Povirk et al#’ Moreover,
viscosimetric data for the binding of the bleomycin C-terminal
fragment to calf thymus DNA suggest that the length of the DNA
molecules decreases slightly.1%4 Laser scattering data point to the
length reduction of short rod-like DNAs upon their interaction
with the antibiotic.105

Incorporation of spin labels into bleomycin molecules is a
convenient tool for determining the parameters of their binding to
DNA 106107 The EPR spectrum of such a label (2,2,6,6-tetramethyl-
1-piperidine- N-oxide) incorporated at position 4 or 2’ of bithiazole,
practically did not change upon its interaction with DNA which is
hardly likely in the case of complete intercalation binding.!*
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Changes in the 'H NMR spectrum of bleomycin upon its
binding to poly(dA)-poly(dT) are also incompatible with the

complete intercalation model. Although the most pronounced
changes are observed for the signals of bithiazole ring protons
(their maximum upfield shift is 01-02 ppm),3840.67.69-71 for
typical intercalators this varies from 04 to 1.0 ppm.'%.19° [t should
be noted also that the shift strongly depends on temperature,
ranging from 0.02 to 0.05 ppm at 20 °C up to 01-0.2 ppm at
temperatures just below the melting temperature for poly(dA)-
- poly(dT) (50 — 60 °C)6%-6%71 and thus cannot be explained within
the framework of the complete intercalation model.

There are a number of publications dedicated to the analysis of
interactions of bleomycin and its metal complexes with oligonu-
cleotide duplexes using the NMR method.”?>72-7 Most of the data
obtained are also contrary to the complete intercalation model.
Hiroaki et al.> studied the binding of bleomycin to the duplex
d(CCCCAGCTGGGG), possessing a single site for the antibiotic-
induced cleavage (underlined). The signals from non-exchangeable
protons of the bithiazole residue and the bleomycin terminal amine
displayed a characteristic shift towards higher field (015 to
0.2 ppm), however, without any changes in the chemical shifts
of signals for imino protons and phosphorus nuclei of the
oligonucleotide in the vicinity to the binding site. On the other
hand, it is known that intercalating molecules produce significant
changes in the chemical shifts of signals for these nucleili¢1!!
A somewhat greater upfield shift of the signals for bithiazole
protons (0.2 — 04 ppm) was observed upon the interaction of the
antibiotic with the duplex d(CGCGCG),7>7 In this case the
temperature dependence of the chemical shifts characteristic for
poly(dA)-poly(dT) was not observed, apparently, due to the
stronger binding of bleomycin to GC sequences. The use of the
NOE technique makes it possible to establish the intercalation type
of binding.!"? The presence of cross-peaks along the whole length
of the 8-meric duplex d(CGCTAGCG); chain upon its interaction
with bleomycin As is suggestive of the non-intercalating type of
antibiotic binding.”

In order to rationalise the experimental data in favour of
intercalation and against it, an attempt was made to interpret them
in terms of the hypothesis of partial intercalation of bithiazole
rings proposed as early as in 1976.1 According to this hypothesis,
one of the bithiazole rings is inserted between the DNA bases,
thereby producing a local bending in the helix. Its effect on the
length and, correspondingly, hydrodynamic properties of DNA
may be very different I* as evidenced by viscosimetric %194 and
laser scattering data.l® This model provides an explanation for
relatively small changes in the chemical shift of bithiazole proton
signals as well as for temperature dependence of the chemical shift
magnitude. A rise in temperature up to values just below the
melting temperature for DNA chains causes local denaturation of
the helix, thereby facilitating the incorporation of the bithiazole
residue between the base pairs and enhancing the upfield shift of
the signals for the protons.” A decrease in ionic strength, which
causes destabili-sation of the double helix, would also favour
partial intercalation of the bithiazole residue and, as a conse-
quence, more intensive fluorescence quenching and changes in the
chemical shift.>*7

Evidence for the improbability of complete intercalation of
bithiazole rings into the DNA double helix can be derived from
experiments with analogues of the C-terminal fragment of
bleomycin A,.
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According to 'H NMR data, the removal of the aliphatic
substituent from position 2’ of the 24’-bithiazole derivative
enhances the ability of bithiazole rings to intercalate and increases
the binding constants for poly(dA) - poly(dT) .’ 6% At the same time,
the substitution of the aliphatic chain at position 2’ by an aromatic
ring (thiazole or benzene) strongly changes the characteristics of
bithiazole analogue binding to DNA, thus permitting their
intercalation. Changes in the chemical shifts (by 0.5-0.8 ppm)
produced by such analogues upon their binding to DNA are far
more pronounced than those for bleomycin.>8-6% 115116 Tp contrast to
bleomycin, its analogues increase the viscosity of DNA solutions 1
and cause effective unfolding and folding (positive supercoiling) of
covalently bound circular DNA.”7 Moreover, they display a far
greater affinity for DNA and are more potent competitive
inhibitors of DNA cleavage’”” Thus, despite its inability to
undergo complete intercalation binding to DNA, the bithiazole
residue can partly incorporate between the base pairs, the most
accessible loci for such binding being the sites of local injuries to
the double-helical structure (transition regions between denatured
and native states of the DNA helix, bends and breaks on the helix,
protrusions formed by an extra base, etc.).

Yet another model for bleomycin binding to DNA also provides
a satisfactory explanation for the available experimental data.
According to this model, the terminal amine and bithiazole rings
of bleomycin bind in the minor groove of DNA. This model, which
was first proposed in 1986, is based on the structural similarity of
the bleomycin C-terminal fragment and netropsin and the
fluorescent dye Hoechst 33258, both of which bind in the minor
groove of DNA. In favour of this model are experiments in which
changes in site-specificity and efficiency of DNA cleavage by
bleomycin were studied in the presence of ligands tightly bound to
DNA. Thus, distamycin A, which binds to the sites enriched with
AT sequences in the minor groove of DNA, can inhibit DNA
cleavage at sequences GT and GA by increasing the cleavage
selectivity at GC sequences.® 120 By contrast, actinomycin D
binding to GC sequences and blocking the minor groove of DNA
by its peptide rings around the binding sites (by 5~ 6 base pairs)*?!
produces an opposite effect: cleavage at GT and GA sequences
increases, while that at sequences GC decreases. Covalent
attachment of aflatoxin B to the N(7) atom of guanine or of
mitomycin C to the O(6) atom of guanine in the major groove of
DNA has practically no influence on the specificity or efficiency of
DNA cleavage by bleomycin.'2? The presence of bulky glycosyloxy-
methyl residues in the major groove of DNA of the wild-type
phage T4 also has insignificant effect on the specificity and
efficiency of cleavage.'?* In addition, bleomycin displays a similar
affinity for both glycosylated and nonglycosylated DNA of phage
T4.!2* A crucial role in the antibiotic affinity for DNA is played by
the nucleotide composition of DNA, particularly by the presence
of guanine and the 5'-guanine — pyrimidine-3' sequence. Thus, G-
and GC-enriched DNA sequences quench bithiazole ring
fluorescence far more effectively,**>7 whereas poly- and oligo-
nucleotides carrying sequences GC and GT appear to be the most
effective inhibitors of the SV40 DNA cleavage by the anti-
biotic.5%4 The value of the constant for bleomycin binding to
poly(dG) - poly(dC) exceeds those for binding to poly(dI)- poly(dC)
and poly(dA) - poly(dT) (3- and 5-fold, respectively).1?* It should be
noted that the minor groove of the double helix of
poly(dG) - poly(dC) contains a 2-amino group of guanine which
is absent in inosine or adenine. The crucial role of this amino group
in strong binding of bleomycin was confirmed by experiments with
anthramycin-modified DNA. This antibiotic, being localised in the
minor groove, can form a covalent bond with the 2-amino group of
guanine without any appreciable effect on the B-form of DNA.125
Treatment of DNA with anthramycin results in strong inhibition of
DNA cleavage by bleomycin at sequences GC and GT.>* On the
basis of these data, Kuwahara and Suguira 124 proposed a model
for bleomycin binding to the 6-meric duplex d(ATGCCA)
-d(TGGCAT) possessing a site for effective cleavage (underlined).
The terminal amine and the bithiazole residue are arranged along

the DNA minor groove in the direction from the 5'- to the 3-end
relative to the chain to be cleaved. The binding occurs owing to
electrostatic interactions and hydrogen bond formation between
the 2-amino group of guanine and the nitrogen of the thiazole ring
and/or oxygen of the carboxamide group. The bleomycin binding
site comprises two to three base pairs which is in keeping with the
data on DNA protection from cleavage by DNAse 1126

Two-dimensional NMR data also testify to the possibility of
bleomycin binding in the minor groove of the double helix. Of
particular interest in this respect are the results ” which in many
features provide support for the earlier hypothesis.!?¢ In this study,
the NOE technique was used to establish the interactions between
the protons of the zinc-containing bleomycin As complex and the
protons of the 8-meric duplex d(CGCTAGCG); localised in the
minor groove of the double helix. On the basis of the data obtained
by molecular dynamics methods, a hypothetical spatial model of
the complex was calculated. According to the calculations, the
bleomycin As molecule is localised in the minor groove,
overlapping 4-5 base pairs. The complex is stabilised by
hydrogen bonds between the amino groups of the C-terminal
fragment of spermidine and the oxygen atoms of the phosphate
group and the deoxyribose cycle, between the nitrogen atom of the
thiazole ring and the 2-amino group of guanine as well as between
the primary amino group of B-aminoalanine and the oxygen atom
of the sugar — phosphate backbone. The authors of this model state,
however, that this structural model is not unique: a considerable
upfield shift of the signals for bithiazole protons by 0.18 ppm [H(5)]
and 0.52 ppm [H(5")] and for the imino protons of GC- and AT-
pairs corresponding to positions G(2) and T(4) suggests partial
intercalation of the bithiazole rings.”

Thus, there is no experimental evidence thus far allowing an
unequivocal identification of the binding mode (complete or
partial intercalation or binding in the minor groove) characteristic
of bleomycin. It is quite probable that these binding modes are
characteristic of different structures in the DNA double helix.
Nevertheless, it is certain that the C-terminal fragment of the
bleomycin molecule provides the binding of the antibiotic to DNA
by ‘anchoring’ the rest of the molecule which interacts with the
polymer upon oxidative cleavage of the sugar - phosphate back-
bone. Whatever the mode of C-terminal fragment binding, the
mechanism of DNA oxidation (see below) implies the closest
approximation of the bleomycin metal-binding domain to the
minor groove of the DNA double helix.

II1. Cleavage of nucleic acids by bleomycin

1. The mechanism of DNA cleavage

Degradation of DNA by treatment with bleomycin eventually
resulting in the cleavage of the sugar — phosphate backbone was
discovered as early as 1969;%0 -33 however, the mechanism of action
underlying this process has long remained obscure. The first
theoretical speculations on the putative mechanism of DNA
cleavage were made in 1973, and bleomycin was considered to be a
hydrolytic enzyme.!'>127 Shortly thereafter, cofactors essential for
the antibiotic activity were identified. In 1975, it was found that
molecular oxygen favours the DNA degradation by bleomycin.!28
In the same period it was shown that Fe(1l) and Fe(Ill) ions
stimulate the DNA cleavage by bleomycin in the presence of 2-
mercaptoethanol; 12130 these two cofactors favouring DNA
degradation were distinguished as being the most essential
ones.>~37 According to nuclear absorption data,*® the previously
observed degradation of DNA upon treatment with bleomycin was
due to the constant presence of trace amounts of iron ions in the
reaction mixture. The discovery that iron atoms and molecular
oxygen are essential for DNA degradation was immediately
followed by a hypothesis suggesting a free radical mechanism
for this process36.130-132 Indeed, the Fe(1)Blm complex can
generate "OH radicals >34 that can interact with DNA. The
enzyme superoxide dismutase converting the O3~ ion into O,
and H>0, inhibits DNA cleavage under the action of
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bleomycin 3135136 A correlation exists between the biological
activity of bleomycin analogues and the amount of ‘OH radicals
generated by them.32 However, it turned out soon afterwards that
tert-butylphenylnitrone and dimethylsulfoxide, which act as
‘traps’ for ‘OH radicals, do not inhibit the cleavage of DNA.
Moreover, the efficiency of ‘OH radical production by the
Fe(11)Blm complex is 40 times lower than in the Fe(Il)-H,0»
system.1¥7 Another group of investigators ¢ succeeded in demon-
strating that inhibition of DNA cleavage by superoxide dismutase
is not related to the reduced amount of O3~ jons but is rather due to
the association of the enzyme with DNA.

An alternative explanation for the bleomycin action mecha-
nism is the formation of the so-called ‘activated bleomycin’ which
causes direct oxidative degradation of DNA.® 138139 Electron
spectroscopy and EPR data as well as the use of the Mdssbauer
effect made it possible to propose the following scheme for DNA
cleavage by bleomycin with participation of the iron ion and
molecular oxygen (Scheme 1).5°

Scheme 1
(0)]

!

Fe(il)+Blm — Fe(Il)Blm —> —-Q,—Fe(lll)Blm —>

—»  ‘Activated bleomycin’

=

Fe(lIHBlm — Fe(Ill)+ Blm

DNA

Oxidised
DNA

<«— H,0,

The Fe(Il)Blm complex formed in the first stage rapidly
interacts with molecular oxygen. In this complex the bivalent iron
atom undergoes oxidation, giving rise to the —O;-Fe(llI)Blm
complex. The formation of ‘activated bleomycin’ requires an extra

electron which is provided either by the reducing agent present in
the solution or by an additional Fe(I)Blm molecule undergoing
disproportionation.*?

05 —Fe(1IDBIm + Fe(IDBlm —= 03~ — Fe(11I)BIm + Fe(11)Bim

‘Activated bleomycin’ can oxidise organic substrates and DNA
to form a Fe(III)Blm complex which can be reactivated by peroxy
compounds 8138 -142

According to recent mass-spectrometry data, the structure of
‘activated bleomycin’ corresponds to the peroxy complex of the
ferric ion, HOO - Fe(111)Blm.1** This scheme, which depicts the
bleomycin activity in the presence of iron ions and molecular
oxygen, was confirmed experimentally and developed further.

Intensive studies of the mechanism of action of bleomycin led by
late 1980s to the establishment of all the main stages of bleomycin
activation and pathways of oxidative degradation of DNA. These
were documented in detail in reviews and publications.l66.144.145
Therefore, in this review we give only a brief description of the main
pathways of DNA oxidation by bleomycin.

Activated bleomycin induces oxidation at position 4’ of a
carbon atom of the deoxyribose ring 146 -148 which is accompanied
by the splitting of the H(4') atom and the formation of a 4'-radical
(Scheme 2). The oxidation is the limiting step in the chain of
subsequent conversions as unequivocally follows from the isotope
effect produced by substitution of the hydrogen atom for deuterium
or tritium (the rate of the end product formation is 2—7 and 7-12
times less, respectively).!48-150

Further conversions of the 4'-radical proceed in two different
ways (a and b in Scheme 2).96 Under aerobic conditions (pathway
a), an addition of molecular oxygen may occur, resulting in the
formation of a 4’-peroxy radical.#® The subsequent scission of the
C(3')- C@) bond results in the elimination of the base-substituted
propenal and cleavage of the sugar — phosphate backbone of DNA,
5'-phosphate and 3'-phosphoglycollate being formed at the site of
the chain scission, 46151152
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Pathway b is associated with hydroxylation at position 4','47
apparently as a result of oxidation of the 4'-radical to a carbocation
and subsequent attachment of water!™ Under physiological
conditions, the hydroxylation results in the elimination of the
free base without any scission of the DNA chain }% 147153157 Under
alkaline conditions B-elimination occurs, which results in the
cleavage of the sugar — phosphate backbone and the formation of
5'-phosphate at the cleavage site. The oxidised deoxyribose residue
is further converted into 24-dihydroxycyclopentenone which
remains covalently bound to the 3'-phosphate group. If alkaline
treatment is carried out in the presence of hydrazine, 3'-pyridazine
is formed; treatment with alkylamines yields 3'-phosphate.!5¢

Under normal conditions (e.g., at atmospheric pressure of O;)
DNA oxidation by bleomycin results in the formation of
approximately equal amounts of free bases and their propenal
derivatives,!8 i.e., both pathways of the 4'-radical conversion are
possible. Under anaerobic conditions only free bases are
formed.#8 138 Under O, pressure of 3 atm, the ratio of base-
propenal derivatives to free bases is 7;1® at 4 atm this is equal to
10159

The high selectivity of bleomycin action with respect to
oxidation of deoxyribose is worth noting. As it has been
mentioned above, bleomycin can only slowly generate OH
radicals.)¥” Chromatomass-spectrometry data ¢  demonstrate
that treatment of DNA with the Fe(Il)Blm complex in the
presence of molecular oxygen and a reducing agent is practically
unaccompanied by the formation of side products of DNA
oxidation (as distinct from the products of the 4'-radical
conversion). In particular, the major side product,
8-hydroxyguanine, constitutes only 2% —3% of the total amount
of the bases and their propenal derivatives formed in the
process.160.161

2. Specificity and efficiency of DNA cleavage by bleomycin
a. Effect of the primary sequence

Elaboration by Maxam and Gilbert in 197762 of a convenient
method for identifying the sequences of long-chain DNAs gave a
strong impetus to a series of investigations of the sequence
specificity of DNA cleavage by bleomycin and related compounds.
It turned out that bleomycin displays marked specificity towards
dinucleotide sequences carrying guanine at the 5'-end;!63.164 in this
case deoxyribose of the second nucleotide undergoes oxidative
degradation. The most preferred sequences for the cleavage are GT
and GC; sequences GA, AT and GG are less susceptible to
degradation. This finding correlates with the amount of liberated
free bases: T > C > A > G.37164165 Soon it was noted, however, that
identical dinucleotide sequences are cleaved to a different degree. It
was hypothesised that the specificity of DNA cleavage by
bleomycin is determined by DNA sequences larger than
dinucleotides.'96:167 Mirabelli et al!®® found that pyrimidine
present at the 5-end of the GC sequence enhances the
cleavage 19® Statistical analysis of the sequence specificity of the
bleomycin-induced cleavage confirmed that the base preceding the
purine - pyrimidine sequence has a certain influence on the extent
of cleavage.’®® Thymine enhances, whereas adenine diminishes, the
cleavage in the sequences GT, GC, AT, and AC.

b. Effect of the double helix structure on bleomycin-induced
cleavage

Despite the conclusions of Mirabelli et al%® (which further
received experimental support) one cannot explain the difference
in the DNA cleavage at different sites by the effect of the primary
sequence alone. Lloyd et al!'’® demonstrated that bleomycin
induces single- and double-strand scissions at a limited number
of sites in bacteriophage PM2 DNA. Some of these sites, if present
in DNA in a supercoiled form, were cleaved to a greater
extent.’172 The specificity of cleavage of the linear pBR 322
DNA differed from that of the supercoiled DNA, the extent of
cleavage being greater for the latter!”® It is known that the
supercoiled DNA of plasmid Col El is cleaved L5 times more

effectively than the relaxed form.#7 It was noted also that SV40
DNA contained regions which, by virtue of their secondary
structure, were preferentially cleaved by bleomycin.'4 Interestingly,
the intracellular DNA is cleaved by the antibiotic at the same
preferential cleavage sites as the purified DNA.

The influence of structure on the cleavage efficiency manifests
itself in the interaction of bleomycin with the modified DNA. Thus,
covalent attachment of mitomycin C1?? or cis-diaminodichloro-
platinum(I1) > in the major groove of DNA enhances the
bleomycin-induced cleavage. cis-Diaminochloroplatinum(Il) also
influences the specificity of cleavage,”>!7® apparently due to
alterations in the structure of the DNA double helix resulting
from intrastrand cross-links. Of special interest are recent findings
testifying to the enhancement of the bleomycin effect:!20
distamycin A strongly (about 100-fold) enhances the bleomycin-
induced cleavage of DNA at certain GC-rich sequences. Other
compounds bound in the minor groove, such as Hoechst 33258,
berenyl, 4',6-diamidino-2-phenylindol, only slightly increase the
efficiency of DNA cleavage by the antibiotic. Presumably, the
significant enhancement of DNA cleavage is associated with
structural changes in the double helix upon binding of distamycin
Al20

The presence of a protruding base has a strong effect on the
specificity of the bleomycin-induced cleavage by directing its action
to nucleotides located in close proximity to the given base.l”” It is
quite probable that this effect is due to the ability of bithiazole rings
to intercalate into sites with a distorted secondary structure.”!

Convincing evidence for the sensitivity of the antibiotic to even
minor changes in the target DNA structure was obtained in the
studies by Murray et al’”® when the cleavage of two virtually
identical sequences in the human genome was compared.
Substitution of 11 bases in a 340-meric double-stranded fragment
produced significant changes in the mode of cleavage. Statistical
analysis revealed that some of these changes may be attributed to
the direct effect of the substituting base, whereas the changes in the
cleavage at other sites located at a distance of 212 nucleotides
from the substitution site result from structural changes in the
substituted DNA.

The effect of the double helix structure on the bleomycin-
induced cleavage of DNA is also manifested in DNA methylation.
Enzymatic methylation of cytosine residues at position 5
diminishes the extent of cleavage in the vicinity of such sites.
The protective effect is observed even at a distance of 14
nucleotides from the methylation site for DNA duplexes having
the lengths from 100 to 400 base pairs.””® This may be associated
with local changes in the DNA structure, since it is known that
methylation of cytidine facilitates the B—Z transition, the major
conformational change in DNA.80 Further studies with
poly(dG) - poly(dC) and poly(dG)- poly(dCM®) revealed that the
B-Z transition induced by increasing the salt concentration
strongly inhibited the cleavage of these polynucleotides by
bleomycin. This finding indicates that the Z-form of DNA is
conformationally unprofitable for the manifestation of the
antibiotic activity. Additional evidence can be derived from
circular dichroism data. In the presence of bleomycin, the B—Z
transition needs a far greater ionic strength for its realisation which
indicates that bleomycin predominantly binds to and stabilises the
B-form of DNA.123

Methylation of cytidine has a different inhibiting action on
DNA cleavage by various bleomycins. Demethylbleomycin A, and
bleomycin B; are less sensitive to the presence of 5-methylcytidine
than bleomycin A, and bleomycin BAPP. At the same time,
methylation of adenosine at the N(6) atom diminishes the DNA
cleavage by the above-mentioned bleomycins.?? In another study, a
self-complementary dodecanucleotide methylated at one of its
cytidine residues was used as a target. Long et al.’®! showed that the
efficiency of oxidation of methylated and nonmethylated
oligonucleotides appeared to be the same, but the ratio of
liberated free bases and their propenal derivatives was differ-
ent. In case of the methylated dodecanucleotide, the amount of
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liberated free bases was 15 times as great as that with the
nonmethylated one; hence, the 4'-radical tended to be more
susceptible to hydroxylation than to the interaction with molecular
oxygen.

The effect of the polynucleotide secondary structure on the
efficiency and specificity of the bleomycin-induced cleavage is
especially pronounced in the case of cleavage of RNA.

3. Cleavage of RNA by bleomycin

Early studies dating back to the mid 1970s repeatedly demon-
strated that RNA was resistant to the action of bleomycin.34182.183
In RNA-DNA hybrids, the cleavage affected only the DNA
chain.13%184.185 Cleavage of DNA by bleomycin was not inhibited
even by a great excess of RNA.62-65186

This generally accepted viewpoint was dispelled in 1989 when
it was demonstrated that approximately three molecules of
Fe(1I)BIm bind to one molecule of yeast phenylalanine tRNA
with an equilibrium binding constant of 0.86 x 105 dm? mol ~ . The
cleavage occurred at three separate sites with low efficiency
[5%~10% for 0.3 mmol dm—3 Fe(I)Blm and 3 mmol dm—?
tRNA as calculated per nucleotide] and resulted in the formation
of free adenine and uracyl.® This pioneering study was followed by
a number of publications %187 -195 dealing with various aspects of
bleomycin interaction with RNA, particularly with a comparison
of RNA and DNA cleavage patterns. In both cases the cleavage
occurs due to oxidation of the sugar — phosphate backbone *! with
iron ions and molecular oxygen (or peroxy compounds) as
necessary cofactors. 194 The presence of reducing agents, such
as ascorbate or 2-mercaptoethanol favours the RNA cleavage. A
chromatographic analysis of oligonucleotide degradation products
and data on electrophoretic mobility in polyacrylamide gel of
degradation products of long-chain RNA testify to the formation,
at the cleavage site, of 3'-phosphoglycollate and 5'-phosphate.!9-194
However, in contrast with DNA, the cleavage of RNA results in the
liberation of free bases alonef-6519L194 In all probability, the
detachment of the H(4') atom of ribose triggers a chain of events
resulting in the cleavage of the RNA chain.!90:192.194

The specificity and efficiency of RNA cleavage by bleomycin
differ essentially from those for DNA. Firstly, RNA cleavage is
more selective at a lesser number of sites. Secondly, the efficiency of
the bleomycin-induced cleavage varies considerably for different
RNA molecules. Some RNAs are cleaved even by micromolar
concentrations of bleomycin, whereas other RNAs are resistant to
even very high (0.3 mmol dm~—3) concentrations of the anti-
biotic. 194

Bleomycin splits both single- and double-stranded fragments in
RNA. However, the cleavage is especially efficient in those parts of
the RNA molecule where the single-stranded structure transforms
into the double-stranded one and vice versa. Interestingly, the
sequence specificity typical of DNA cleavage is not observed in this
case. The available data suggest that the bleomycin molecule
predominantly cleaves GU sites in RNA;65188-190,191,195.194
however, by no means all these sites undergo cleavage, while
the intensity of cleavage for each GU site may vary considerably. It
may thus be concluded that the specificity of RNA cleavage by
bleomycin depends not so much on the primary sequence but is
rather determined by peculiarities of the secondary or tertiary
structure of the polymer molecule. The resistance of some RNA
molecules to the effect of bleomycin and the lability of other
molecules indicate a crucial role of certain spatial structures in the
realization of effective cleavage.

The sensitivity of bleomycin to the structure of the substrate to
be cleaved is likely to be manifested in its interaction with RNA. As
has been mentioned, bleomycin preferentially cleaves the B-form of
DNA. It is known also that the A-form of the double helix exists in
RNA. The difference in sizes between the major and minor grooves
and the conformation of the carbohydrate residue may be the
reason for ‘non-recognition’ and, as a consequence, of ‘non-
cleavage’ of RNA. Nevertheless, at definite sites, e.g., at the sites of
the helix transition from the double-stranded to the single-stranded

structure and vice versa, structures may be formed that represent
suitable targets for the cleavage by bleomycin. These structures may
resemble the B-form of DNA. An important role in this process is
played by the size of the minor groove and the position of the 4’
hydrogen atom in it. It may also be assumed that such sites favour
stronger binding of the antibiotic, presumably due to the possibility
of intercalation of the bithiazole residue.”-'7” The low incidence of
such sites accounts for the low number of RNA cleavage sites,
which results in higher selectivity in RNA cleavage, than for
DNA.194

A spectacular proof of the significance of the spatial structure
in effective cleavage of the double helix is given in the study by
Holmes and Hecht.®? These authors showed that DNA, which
represented a copy of histidine tRNA of Bacillus subtilis, had one
major cleavage site that coincided with the single cleavage site for
this tRNA.

4. The role of domains in determining the specificity of
bleomycin action in DNA cleavage

Immediately after the discovery of sequence-specific DNA
cleavage by bleomycin, a question arose as to the nature of this
specificity. By then, it had already been established that the C-
terminal fragment of the antibiotic molecule is responsible for the
binding to DNA.3347 The fact that various bleomycins cleave
DNA in a similar way 1°6-17 suggests that the terminal amine does
not contribute at all to the specificity of bleomycin action. For this
reason, the preferential cleavage of certain DNA sequences was
attributed to the specificity of bithiazole residue binding,
particularly during intercalation!®* However, an increasing
body of experimental evidence argues against this hypothesis.

Thus, phleomycin (B) having one reduced bond in the
bithiazole residue '® and, correspondingly, incapable of inter-
calation, displays the same site specificity.#®- 167197 Bleomycin with a
phototransformed bithiazole residue (the 44’ bond between the
thiazole rings instead of the 2.4’ bond) (A) has a site specificity that
is practically identical with that of natural bleomycin.!%81%°

On the other hand, according to the most recent data, a certain
role in sequence specificity of DNA cleavage is played by the
metal-binding domain. Thus, cleavage of the self-complementary
dodecanucleotide CGCTTTAAAGCG by bleomycin occurs at
GC sequences (underlined), the C(3) residue being cleaved to the
greatest extent!” Removal of the disaccharide residue
(deglycobleomycin, D) or the carbamoyl group of D-mannose
(decarbamoylbleomycin, C) from the bleomycin molecule does not
influence the sequence specificity of cleavage of this oligonucleo-
tide. However, the predominant site for such cleavage is residue
C(11).200.201 According to the data reported by Oppenheimer et
al.,2%2 the carbamoyl group of D-mannose may become involved in
the chelation of the iron ion in the metal-binding domain of
bleomycin. Its removal may affect the coordination sphere of the
metal as follows from NMR data.?%* Hence, the change of the site
of preferential cleavage of the dodecanucleotide seems to be due to
the alterations in the metal-binding domains of deglyco- and
decarbamoylbleomycin.

Experimental proof for the dependence of the geometry of the
metal-binding domain on the sequence specificity of DNA cleavage
has been presented.?®® The degradation of three restriction
fragments of DNA under the action of various bleomycin
derivatives has been studied. Bleomycin B,, deglycobleomycin
A; (D), and isobleomycin A, (E) having a carbamoyl group at
position 2 of D-mannose 2% (in the case of natural bleomycin this
group is at position 3) displayed a sequence specificity identical
with that of bleomycin A,. At the same time, in the case of
epibleomycin A, which differs from bleomycin A in the
configuration at the chiral carbon atom of the substituent at
position 2 of the pyrimidine ring (marked with an asterisk) and,
consequently, in the orientation of the propionamide residue
relative to the metal-binding domain,?%¢ the mode of DNA
cleavage changed significantly. Epibleomycin A, effectively
cleaved guanosine at sequence TG, this cleavage mode being
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non-typical of natural bleomycin. The percentage of cleaved CTand
GG sequences was also higher in this case; sequences AT, TT, TC,
and GC were cleaved to a lesser extent. Decarbamoylbleomycin A,
(C) did not cleave sequences AA, AC, or CTat all, though they are
weakly cleaved by bleomycin A,. With bleomycinic acid, not only
the cleavage of DNA was by 35% weaker than with bleomycin A»
but the sequence specificity of the cleavage also changed. The main
cleavable sequences were GTand GA (but not GTand GC); for CT,
the percentage of cleavage was also relatively high.204

The nature of the chelated metal (Cu, Co, Mn) has also certain
influence on the specificity of the antibiotic action.>207-2% Ip the
presence of dithiothreitol, the Cu(II)Blm complex can effectively

cleave DNA, the site specificity for such cleavage being different
from that for Fe(1l)Blm. The difference in the specificity of DNA
cleavage by the Fe(11)- and Cu(ll)-complexes of bleomycin was
especially apparent when the 127-meric double-stranded fragment
of SV40 DNA was used.??” Unfortunately, no data on the efficiency
of cleavage of specific dinucleotide sequences were given. It is
interesting to note that the cleavage of DNA by the Cu(Il)-
deglycobleomycin complex is more effective than by the
Cu(II) — decarba-moylbleomycin complex, whereas for Fe(ll)-
dependent cleavage an inverse dependence is observed.?00
Noteworthy, the isobleomycin A;~Fe(Il) complex effectively
cleaves DNA 204 whereas the isobleomycin A, - Cu(il) complex
is fully inactive.297

Upon irradiation with UV-light, the specificity of DNA
cleavage by bleomycin complexes containing trivalent cobalt
differs from that by Fe-containing bleomycin complexes.®2% A
statistical analysis of sequence specificity of Co(III)- bleomycin
complexes is also absent in these studies. What is evident from
these experiments, is that sequences GT and GA are preferably
cleaved, while sequence GC is cleaved less effectively.

Valuable information on the nature of sequence specificity of
the bleomycin action can be derived from the studies of bleomycins
with a significantly modified structure. One such work 21 describes
the synthesis of deglycodemethylbleomycin A, analogues (see
below) carrying glycine residues (Gly),, (where n=0-2 and 4)
instead of threonine, and gives an analysis of their cleaving
capacity. It turned out that the sequence specificity of such
analogues differs only slightly from that of the natural antibiotic.
However, the efficiency of cleavage was much lower than with the
natural deglycodemethylbleomycin A,. Thus, the analogue with
n=0 hardly cleaved DNA, whereas the level of DNA degradation
by the analogues with n=1 and 2 possessing the maximum
efficiency was comparable with that characteristic of the natural
antibiotic at 10 —20-fold higher concentrations.!88 210

It was thus concluded that the metal-binding domain plays a
decisive role in the sequence specificity of DNA cleavage. However,
this definite conclusion is appropriate only in case of a mechanistic
approach to the consideration of the bleomycin molecule as was the
case in the late 1970s: the C-terminal fragment specifically binds to
DNA and the change in the length of the spacer between this
fragment and the cleaving (metal-binding) domain would alter the
specificity of cleavage. If this does not take place, the situation is
reversed, namely, the metal-binding domain determines the
specificity of cleavage, and the C-terminal fragment defines the
affinity for DNA.

As noted above, bleomycin is highly sensitive to the structure of
the substrate to be cleaved. High selectivity of oxidation of C(4') of
deoxyribose evidences the fine adjustment of the bleomycin
molecule to the double helix conformation. It may thus be
assumed that any alteration in the spacer leads to an unprofitable
(with regard to cleavage) positioning of the metal-binding domain,
resulting in self-degradation (but not oxidation) of DNA.
Alternatively, instead of additional stabilisation of binding due
to electrostatic interactions, the unfavourable localisation of the
metal-binding domain may decrease the affinity of the modified
antibiotic for the polymer which can also be the reason for the low
cleavage efficiency. And, finally, in all previous speculations the
threonine residue was regarded only as a constitutive component
of the spacer, which does not take part in binding or determining
the sequence specificity of the cleavage. However, one must not
rule out the possibility that the free OH group can form intra- or
intermolecular hydrogen bonds and thus contribute to the
sequence specificity of the bleomycin action.

It is known that the bleomycin analogue tallysomycin 2! having
additional OH groups in the aliphatic chain at position 2’ of the
bithiazole residue and the aminosugar tallose attached to one of
those OH groups induce the formation of single-strand scissions
less effectively than bleomycin and differ from the latter in
sequence specificity.’>212.23 Thuys, the cleavage of supercoiled
DNA of bacteriophage PM2 by tallysomycin proceeds 5—10 times
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less effectively than that by bleomycin3*2¥ Furthermore,
tallysomycin cleaves GA sequences far more effectively,¢6.167.197
GTand GA sequences being preferential for this antibiotic.'® This
finding points to the role of the bleomycin C-terminal fragment in
determining the specificity and efficiency of DNA cleavage.
Convincing evidence of the ability of the bleomycin C-terminal
fragment to determine sequence specificity has been given in the
studies carried out by Japanese investigators.2!>21¢ These authors
performed the chemical synthesis of a bleomycin metal-binding
domain analogue, in which the 4-aminopyrimidine ring was
substituted by methoxypyridine, the disaccharide residue was
substituted by a ferz-butyl group, and the carbamoylmethyl residue
in the 2-substituent of pyrimidine was missing. In the presence of
iron ions, this compound activated molecular oxygen and oxidised
low molecular weight organic substrates with an efficiency
comparable with that of the natural antibiotic.?'>2!6 Attachment
to this compound of the C-terminal fragment of bleomycin A,
[Blm-PYLM(6)] was accompanied by the appearance of the DNA-
cleaving activity 2218 despite significant changes in the metal-
binding domain. These studies received further development,
culminating in the synthesis of a molecule comprising the
metal-binding domain, 4-aminopentanoic acid as a spacer and
a distamycin A residue instead of the C-terminal tripeptide S.21°
This synthetic molecule effectively cleaved DNA (relative to
natural bleomycin), the maximum degree of cleavage being
observed in the regions enriched with AT sequences, to which
distamycin A binds especially strongly.220 No specificity to GTand

GC sequences was observed, which is characteristic of bleomycin-
induced cleavage.

Studies by Hamamichi et al.>?! provided valuable information
as to whether the C- or the N-terminal fragment of the antibiotic
molecule determines the sequence specificity of bleomycin action.
To this end, the authors synthesised and assayed DNA-cleaving
agents (analogues of natural deglycodemethylbleomycin A»)
containing, instead of one of the thiazole rings (4 or B), its
biosynthetic precursor, S-methyl-L-cysteine).???
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It turned out that such analogues cleave supercoiled covalently
closed and linear double-stranded DNA less effectively than
natural deglycobleomycin A,. No discernible sequence specificity
was observed in the cleavage of 5'- or 3'-labelled linear double-
stranded DNA. Thus, the synthetic analogues cleave DNA
statistically in contrast with sequence-specific cleavage by the
natural antibiotic. This study is a sound argument in favour of the
determining role of the bithiazole residue in sequence specificity of
the bleomycin action, the bi- (but not mono-) thiazole fragment
being the crucial factor.2?2

Another recent study of the role of bleomycin N- and
C-terminal fragments in the recognition of definite DNA
sequences 223 concerned the synthesis of molecules containing
both DNA-binding and DNA-cleaving groups. As the DNA-
binding group the C-terminal fragment of bleomycin A, or
demethylbleomycin A, carrying a bithiazole residue and a terminal
amine, was used. The DNA-cleaving group, EDTA
(ethylenediaminetetraacetic acid), was attached to the bithiazole
residue by an amide bond. If the bithiazole fragment in the
bleomycin molecule is the critical factor determining the direction
of the antibiotic action, such molecules will cleave DNA in the
vicinity of guanine — pyrimidine sequences. However, no appreci-
able sequence specificity of DNA cleavage characteristic of
bleomycin was noted in these model compounds.?2* One serious
pitfall of this study is that its authors did not provide any
experimental proof for the binding of their synthetic model
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compounds to DNA. This is an important circumstance if one
takes into consideration that synthetic compounds cleave DNA far
less effectively (approximately 10-fold) than natural bleomycin. The
efficiency of DNA cleavage by EDTA-containing compounds is
comparable with that for EDTA. It can thus be assumed that at the
concentration of the analogues of 100 umol dm—3 that had been
used to demonstrate the sequence specificity of the antibiotic
action, the degradation of DNA is predominantly effected by
diffusing *OH radicals generated by the reagent molecules not
bound to DNA. In this case, the conclusion made by the authors in
favour of the determining role of the bleomycin N-terminal
fragment in sequence specificity appears to lack sufficient
experimental justification.

Yet another detail worth noting is important for the correct
understanding of the nature of sequence specificity. According to
Otsuka et al.,2’® cleavage by a bleomycin analogue containing
distamycin A occurred at sites enriched with AT sequences, ie., at
sites responsible for the binding of distamycin A. This provides
evidence of the spatial proximity of the metal-binding domain to
the DNA-binding fragment in the bleomycin molecule. Molecular
models for this compound suggest the existence of a bend in the
residue linking distamycin A and a metal-binding site providing for
such cleavage. Presumably, a similar situation takes place in the
binding and cleavage of DNA by natural bleomycin; in this case,
site-specific recognition of DNA may be effected by both C- and
N-terminal fragments of the antibiotic molecule.

However, the data available do not provide any unambiguous
conclusion on the nature of the sequence-specific effect of
bleomycin. Many of these data and, particularly, the model of
binding in the minor groove of DNA, point to the important role
of the bleomycin C-terminal fragment in the specific recognition of
DNA. Nevertheless, one should not rule out that the C-terminal
fragment alone cannot induce either the sequence-specific binding
or cleavage of DNA. There are strong grounds for believing that the
metal-binding domain plays an important role in preferential
recognition of the dinucleotide sequence to be cleaved. It is not
excluded that an important role in this process is played by the
matching of the sizes of the metal-binding domain and the minor
groove. Apparently, the residues of threonine and 4-amino-3-oxy-
2-methylpentanoic acid providing correct spatial orientation of N-
and C-terminal fragments, also contribute to the specificity of the
bleomycin action. It follows from these data that adequate
interpretation of the nature of such site specificity is possible if
one takes into consideration all the three structural elements, such
as affinity for the cleavage site provided predominantly by the
C-terminal fragment, microvariations in DNA structure deter-
mining the size of the minor groove and the optimal position of the
deoxyribose C(4)—H bond for oxidation by the iron hydro-
peroxide complex as well as the possibility of fixing the orientation
of the metal-binding domain needed for the attack through the
connecting group and/or due to the interaction of the bleomycin
N-terminal fragment with the double helix of DNA. To this can be
added the necessity of penetration of the oxygen molecule to the
chelated iron ion provided by the disaccharide which may form a
hydrophobic pocket and the important role of the reducing agent in
generating ‘activated bleomycin’. The elucidation of these factors
will indoubtedly shed more light on the nature of site specificity of
bleomycin.

5. Correlation between the affinity and efficiency of cleavage
Cleavage of DNA by bleomycin is preceded by the binding of the
antibiotic to the polymer. This raises the following questions: Do
cleavage and binding sites coincide? How many base pairs does
bleomycin cover upon binding? Is the cleavage efficiency
determined exclusively by the bleomycin affinity for the given
site or are other factors also involved? Some recent results provide
answers to these questions. In particular, studies!26.224-226
describe DNA cleavage by different endonucleases in the absence
and in the presence of bleomycin and phleomycin complexes with
Co(111). The mode of DNA cleavage by DNAase I and micrococcal

nuclease changed considerably in the presence of bleomycin,
showing a distinct protective effect at definite regions on the
radiograms. These regions comprised, as a rule, a site for the
cleavage by the Fe(II)Blm complex. In this case, one bleomycin
molecule ‘covered’ from 3 to 5 adjacent base pairs from the
endonuclease action 125225 which agreed well the earlier observa-
tions.!2* Nightingale and Fox 126 even made an attempt to validate,
on the basis of nuclease hydrolysis inhibition data, the orientation
of arrangement of the bleomycin molecule at the binding-cleavage
site 5'-...ACGT...-3, stipulating that one antibiotic molecule
‘covers’ three base pairs. The authors assumed that bleomycin
encompasses sequence 5'-CGT-3, i.e., its molecule is positioned at
the §'-end of the chain relative to the base to be cleaved. Another
interesting finding of this study is that the sites with alternating
(AT),, sequences, where n = 3, are cleaved by bleomycin with almost
the same efficiency as GT sequences. At the same time, the
Co(111)Blm complex does not protect these sites from the DNAase
I action. In other words, these sites are characterized by efficient
cleavage at a relatively weak binding. At the (AT), sites, the
cleavage affected only the AT (but not TA) sequences.
(AAT), - (ATT)., (TTA), (TAA),, A, T, and some individual
AT sites did not practically undergo cleavage. It was assumed that
the observed phenomenon is due to an unusual alternating
conformation of the B-form in sequences (AT),, where the turn
of the helix at 5'-TA-3' is greater than at 5'-AT-3'2?7 It is probable
also that changes in the normal B-form of DNA are due to the low
ionic strength of the buffer solution used for the cleavage.!26-225.226

Thus, there exists a certain dependence between the strong
binding of bleomycin to DNA and the efficient cleavage of the
latter. An important factor is the presence of guanine in the
nucleotide sequence. The efficiency of cleavage depends, to a large
extent, on the local structure of the double helix which must be in
conformation B (but not Z or A). Obviously, the cleavage is more
efficient in alternating purine - pyrimidine sequences as can be
evidenced from preferential cleavage of guanine- pyrimidine
(relative to guanine-purine) and thymine - purine — pyrimidine
(relative to adenine — purine — pyrimidine) sequences, and efficient
cleavage of (AT),. Summing up, one may conclude that the
efficiency of cleavage depends not only on the strength of binding
but also on DNA structure. Therefore, the cleavage of DNA by
bleomycin can be used as a sensitive method for determining
microvariations in the double helix structure.

1V. Bleomycin derivatives of oligonucleotides.
Synthesis and site-specific cleavage of DNA

As noted above (see Section I), owing to its relatively low toxicity,
bleomycin has found wide use in treating squamous tumours both
separately or in combination with other chemotherapeutic drugs.
Nevertheless, the application of this antibiotic is restricted due to
its damaging action on certain tissues, in which the content of a
bleomycin-inactivating enzyme is low. One of the most common
side effects produced by this antibiotic is pulmonary fibro-
sis.1>15228 Among other ways to enhance the specificity of
therapeutic actions of this drug is to increase its selectivity
towards specific nucleic acids. The inherent specificity of natural
bleomycin towards dinucleotide sequences prevents it from
distinguishing various nucleic acid molecules or different sites
of the same macromolecule. The enhancement of specificity of the
bleomycin action can be achieved through its attachment to the
oligonucleotide exemplified in Scheme 3. In this scheme, the sites
of hypothetical cleavage of the DNA chain are marked by arrows.
This approach, which was first suggested in the 1960s 229230 and is
widely used now?2'-2¥ permits spatial approximation of
bleomycin and the preselected nucleic acid region and thus
ensures its directed chemical modification. Such an approach is
now widely used in routine studies 23 ~2%

A broad spectrum of reactive oligonucleotide derivatives have
been created by now that carry alkylating or photoreactive groups,
platinum complexes capable of coordinating target heterocycles,



370

D S Sergeev,V F Zarytova

Scheme 3

5 3
Single-stranded or
double-stranded DNA

5’ 3’

5’ Blm~—3'
(Free bleomycm) (Bleomycin attached to
anoligonucleotide)

l 3 s l 3
3—~—~Bim 5’
Watson-Crick
complex (duplex) or

o |

or

5 3 s 3
3 5 3 5
t 1 t 1 5' Blm~~—3'
Hoogsteen complex
(triplex)

and groups catalysing oxidative degradation of target nucleic
acids.23:235 The latter can chelate transient metals; their inter-
action with molecular oxygen can catalytically generate active
oxygen-containing species which degrade DNA. There exist
natural compounds (among those is the antitumour antibiotic
bleomycin) which cause destruction of DNA in the same way.
From the data presented in Sections I -III, one may conclude that
oligonucleotides carrying the residue of this antibiotic should be
effective site-specific reagents able to ‘switch-off” the function of
definite genes. However, taking into account the complex nature of
bleomycin, which has several nucleophilic centres, special efforts
will be necessary in order to obtain its oligonucleotide derivatives.

1. Synthesis and properties of bleomycin derivatives of
mono- and oligonucleotides

When constructing bleomycin derivatives of oligonucleotides
suitable for site-specific degradation of target DNA, it is
necessary to preserve both the ability of the antibiotic to cleave
the DNA of an oligonucleotide fragment to form complementary
complexes.

To meet these requirements, the antibiotic was attached to an
oligonucleotide at the 5'- or 3'-terminal phosphate group
preactivated with triphenylphosphine-2,2’-dipyridyl disulfide in
the presence of 4-N,N-dimethylaminopyridine-l-oxide (DMAPO)
(Scheme 4). It is known that the phosphate group in the thus
obtained zwitterion derivative readily reacts with aliphatic amino
groups.2 Bleomycin As contains several such groups. The amino
groups in the metal-binding domain essential for the DNA-
cleaving activity of the antibiotic were protected by chelation with
the copper ion, thus directing the attachment to the amino groups
of the spermidine residue at the C-terminal fragment of the
bleomycin molecule. The successful use of the copper-containing
bleomycin complex for selective acylation of the C-terminal amine
was documented in earlier studies.?’ In order to avoid the
attachment of two oligonucleotide molecules to one antibiotic
molecule, the latter was taken in a 10-fold excess.

Analysis of electronic absorption spectra revealed the presence
in the synthetic compounds of both the oligonucleotide fragment
and the bleomycin residue, the contribution of each component to
the total spectrum being commensurate with the binding of one
antibiotic molecule to one oligonucleotide molecule.?3823

The structure of bleomycin - oligonucleotide derivatives was
finally established in *C NMR studies.?*? It was found that the
linkage of the terminal phosphate group of the oligonucleotide
involves the spermidine primary amino group in bleomycin As (see
Scheme 4).

As has been mentioned above (see Table 1), bleomycin can form
relatively stable complexes (Kp=10° dm3 mol—!) with double-
stranded DNA. Moreover, being bound to DNA, this antibiotic
stabilises the structure of the double helix. Thus, the melting
temperature for calf thymus DNA in the presence of bleomycin
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rises by 4 °C.1%% Attachment of bleomycin to an oligonucleotide
should stabilise the complementary complex formed thereby.
Indeed, the melting temperature for a complex of tetradecanucleo-
tide pd(TGTTTGGCGAAGGA) with the bleomycin derivative of
the complementary heptanucleotide, Blm-As — pd(CCAAACA), is
33 °C which is 11 °C higher than that for the analogous complex
formed by the original heptanucleotide.?-2%° This is an important
point in the realisation of the targeted complementary action, since
the efficiency of this action on DNA depends, in a large measure,
on the stability of the complementary complex formed by target
DNA and the reagent.*

The next step in this direction was to investigate the DNA-
cleaving activity of bleomycin derivatives of oligonucleotides.

2. Site-specific cleavage of a single-stranded fragment of
DNA by bleomycin derivatives of oligonucleotides

In a study by Sergeev et al,?** a 302-meric DNA fragment
representing a copy of the RNA fragment of the tick-borne
encephalitis virus was used to examine the site specificity of
oligonucleotide derivatives of bleomycin. Two oligonucleotide
reagents carrying a bleomycin As residue at their 5'-ends were
complementary to sequence 261-274 which is predominantly
located in the single-stranded hairpin (the Blm-As residue attached
to 5'-phosphate is marked by an asterisk) (Scheme 5).24% 244
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3 A—C—C—C—T
3 A—C—C—C—T

Cleavage of the 302-meric DNA target was studied using
polyacrylamide gel electrophoresis. This approach allows one to
separate the degradation products from the original DNA target
and to determine (with an accuracy of one base) the site where the
target has been cleaved. The latter is achieved by comparing
electrophoretic mobilities of degradation products of the target by
the reagent with electrophoretic mobilities of the products of
statistical degradation of the target at one or two types of bases
using the procedure described by Maxam and Gilbert in 1979.162

The results of electrophoretic analysis suggest that under
conditions of complementary complex formation, both oligonu-
cleotide reagents induce scissions at the GT sequences of the target
closest to the antibiotic residue, 1., at T(272) and T(277) (Fig. 2).
The cleavage proceeds with high efficiency and selectivity. By
illustration, when the shorter, 12-meric reagent is used at a
concentration of 1 x 103 mol dm—3, direct breaks (without an
additional alkaline treatment, Scheme 2, pathway a) occur at
sequences T(272) and T(277) in 70% of the DNA target.
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Figure 2. The results of analysis of degradation products of a 302-meric
3'.32P-labelled DNA target by 12- and 14-meric oligonucleotide reagents.
Lanes 1 and 5, is statistical cleavage of the DNA target at purine residues; 62
lanes 2-4, is the 12-meric reagent (1x10-7, 1x10-® and
1 x10~5 mol dm~3, respectively); lanes 6 -8, is cleavage by a 14-meric
reagent (5 x 10~ mol dm ) for 1,3and 6 h, respectively; lane 9, is the DNA
target incubated in the absence of the reagents; lanes 10 - 12, is cleavage by a
12-meric reagent (5 x 10~¢ mol dm~3)for 1,3 and 6 h, respectively.

This cleavage is determined by site-specific binding of the
oligonucleotide fragment of the reagents to the complementary
sequence of the DNA fragment. This becomes obvious when
analysing the DNA cleavage by bleomycin and its oligonucleotide
derivative whose nucleotide sequence is devoid of the comple-
mentary binding site at the preselected fragment. It was shown that
(i) both reagents cleave the DNA target with lower efficiency than
do complementary reagents and at multiple positions and (ii)
T(272) and T(277) are not the preferential sites for the cleavage.?42

Evidence for the necessity of complementary complex
formation for effective degradation of the DNA target is presented
in Scheme 6 (the main cleavage sites are marked by arrows).?>® The
14-meric DNA target is effectively cleaved by the 7-meric
oligonucleotide reagent Bim-As-pd(CCAAACA) [Scheme
6a (1)]. In the presence of a tetranucleotide complementary to
the target, this reagent loses its ability to form a complementary
complex with the target and does not practically cleave it
[Scheme 6a (2)].

Complementary oligonucleotide reagents of various lengths
are characterised by different positional directionality of cleavage.
Thus, for a 6-meric reagent, the main cleavage sites are T(5) and
T(3) [Scheme 65 (1)]; those for a 7-meric reagent are G(7), T(5),
and T(3) [Scheme 6 # (2)], while those for a 8-meric reagent are
C(8) and T(5) [Scheme 6 4 (3)]. It is interesting to note that when 7-
and 8-meric reagents are used, the target is directly cleaved at the
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nucleotide closest to bleomycin which is involved in the formation
of a complementary complex with the reagent (at residues G(7) and
C(8), respectively). In the case of a 6-meric reagent, the adjacent
nucleotide {residue G(6)] does not undergo cleavage, while residue
T(5) is cleaved. Nucleotide G(6) remains intact both when 7- and 8-
meric reagents are used (Scheme 6 5).2° Apparently, under these
conditions, the specificity determined by the moiety of the
oligonucleotide reagents is superimposed on the specificity of
the antibiotic itself, for which the cleavage at sequence TG is not
typical (see Section III).

Thus, the alteration in the length of the oligonucleotide moiety
of the reagent changes the site-direction of the DNA cleavage,
indicating a site-specific mode of action of the covalently attached
bleomycin residue.

3. Degradation of a double-stranded DNA target by
bleomycin derivatives of oligonucleotides within the triplex
structure

One of the versions of the complementary targeted modification is
the use of reactive oligonucleotide derivatives capable of attacking
selected sites of a double-stranded DNA by forming a ternary
complex.?35-247 Qligonucleotides containing alkylating 246247 or
photoreactive groups,?*® as well as groups with a redox mechanism
of action,24%250 have been used. The bleomycin As residue, which
has demonstrated effective cleavage of a DNA target within a
duplex structure was assayed as the reactive group.?!

The DNA target for the study of the oligonucleotide reagent
action within the ternary complex was selected in accordance with
the following demands. First, the target had to contain a region of
homopurine and homopyrimidine sequences necessary for the
ternary complex formation. Second, a stable ternary complex
should be formed at neutral pH values, since bleomycin effectively
cleaves DNA in the pH range of 7 - 93%62.63 If these conditions are
fulfilled, stable ternary T-AT complexes are formed.?*>2%* Third,
the fragment involved in the formation of the complex with the
reagent must be flanked with sequences which could serve as
targets for the action of the bleomycin residue during the complex
formation. Since bleomycin predominantly cleaves DNA at
sequences GT, GC, AT, and GA at deoxyribose, the second
nucleotide (Section III), a 30-meric double-stranded target
(Scheme 7) was selected (the cleavage sites are marked by arrows
whose length is proportional to the cleavage intensity).

Under conditions of ternary complex formation, 5'- and 3'-
bleomycin derivatives of the 16-meric oligothymidylate induce the
cleavage of the target. Both reagents cleave DNA at both chains in
the vicinity of the antibiotic residue upon binding of the third chain

A*tlT

byt

Triplex 11

YooYy
25 28
5' pd(GCGCACGAAAAAAAAAAAAAAAAGTCGAGG) ¥
3 (CGCGTIGCTTTTTTTTITTTTTTTTCAGCTCC)p S
30 28 26
1 1

+Blm-As —pd(CAGCGGGATGGCAACAC)

(reagent), which is parallel to purine-rich (triplex I) and antiparallel
to pyrimidine-rich (triplex II) sequences. This is in agreement with
the literature data 24%25° for the cleavage of double-stranded DNA
by EDTA- and 1]0-phenanthroline-containing oligonucleotide
reagents which form a ternary complex with DNA.

Cleavage of a pyrimidine-rich chain by a 3'-bleomycin
derivative of hexadecathymidylate occurs both in the vicinity of
the 5'-end of the oligo(T)-track due to the formation of a ternary
complex and around the 3'-end of the chain (Scheme 7). The latter
cleavage occurs at sites C(30), C(28) and T(26) of the GC and GT
sequences that are preferential for the binding and cleavage by the
bleomycin itself (Section IIT). At a 5-fold excess of the reagent
(relative to the target), this cleavage may be due to the ability of the
bleomycin residue to bind to a double-stranded DNA without the
formation of a triplex by the oligonucleotide moiety of the reagent.
To check this hypothesis, a DNA target was cleaved by a 5'-
bleomycin derivative of a 16-meric oligonucleotide, Blm-
As - pd(CAGCGGGATGCAACACQ), which a priori is incapable
to form a ternary complex with the target. In this case, the purine-
rich chain is cleaved only insignificantly (by 6%), whereas the
pyrimidine-rich chain, as in the case of bleomycin derivatives of
hexadecathymidylate, is cleaved at the 3'-end at sites C(30), C(28),
and T(26) (16%). This suggests that the action of a 5-fold excess of
5'- and 3-bleomycin derivatives of hexadecathymidylate on the
double-stranded DNA target can be both site-specific due to the
targeted attachment of the oligonucleotide in the ternary complex
formation and nonspecific when the bleomycin residue binds to
double-stranded DNA.

Comparing the total extent of cleavage of the double-stranded
DNA target by bleomycin-containing reagents (Table 2), one may
conclude that for both 5'- and 3'-bleomycin derivatives of
hexadecathymidylate, site-specific cleavage associated with the
ternary complex formation prevails over nonspecific ones.
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Table 2. Total extent of cleavage of a 30-meric double-stranded DNA target
by bleomycin derivatives ofoligonucleotides.

Reagent Totalextent of cleavage (%)
Purine-rich Pyrimidine-
chain richchain

Blm-As—p(dT)e 25 47

(dT) 6P — Blm-As 35 36

Bim-As - pd(CAGCGGGATGCAACAC)? 6 16

aDoes not form aternary complex with the DNA target.

4. Catalytic degradation of a DNA target by an
oligonucleotide derivative of bleomycin

The advantage of applying groups with a redox-type mechanism of
action [Fe(111) - EDTA, metalloporphyrins or Cu(1l) - 1,10-phenan-
throline] over alkylating or photoreactivate groups for the site-
specific DNA modification is their ability to produce catalytically
active oxygen-containing species and thus exert manyfold action
on the DNA target.?34~2%6 The glycopeptide antibiotic bleomycin
is an illustrious representative of compounds with a redox
mechanism of action. Cyclic oxidation-reduction of the iron
ion chelated in the metal-binding domain of bleomycin by
molecular oxygen and some reducing agent results in multiple
production of ‘activated bleomycin’ and, as a consequence, in
catalytic oxidation of organic substrates.’®25%258 In the process of
oxygen reduction, bleomycin acts as an enzyme with the iron ion as
a cofactor.’%2% Recent studies?%? provide evidence that in the
presence of ascorbate one molecule of bleomycin can catalyse the
reduction of 4.7 molecules of oxygen. The main advantage of
bleomycin as a reactive group for the site-specific cleavage of DNA
is its ability to oxidise catalytically not only low molecular weight
substrates but also DNA 2026l

It has already been noted that all the redox groups used for site-
specific modification of DNA can reduce molecular oxygen
catalytically. However, the capability of these groups to cause
multiple degradation of DNA within the structure of the
oligonucleotide reagent has not yet been realised. One of the
reasons for this is an accidental damage to nucleotide residues by
reactive oxygen-containing species generated by these reagents.
The analysis by chromatomass spectrometry revealed the presence
of a greater number of modified bases (compared to the number of
direct cleavages) after treatment of DNA with Fe(1lI) - EDTA and
Cu(1l)-1,]0-phenanthroline complexes.262253 Similarly, a great
deal of modified bases (primarily, guanine) are formed upon
treatment of DNA with metalloporphyrins.?5

Modification of bases does not lead to direct cleavage of the
DNA chain. Moreover, many modified bases, particularly
8-hydroxyguanine and 8-hydroxyadenine, the major products
of "OH radical interaction with purine heterocycles, are stable
under alkaline conditions and even treatment with piperidine does
not result in the cleavage of the sugar— phosphate backbone at
these sites. Such hidden modifications mask the catalytic activity of
the above-mentioned reagents.

The mechanism of effective degradation of DNA by bleomycin
differs essentially from that by redox groups. Under physiological
conditions, bleomycin-induced selective oxidation of the C(4)
atom of deoxyribose leads with equal probability either to direct
cleavage of the DNA chain or to the formation of a base-labile site
(Section III). For this antibiotic, modification of nucleotides is only
a minor reaction.'s% 6! Thus, the yield of the major side product of
the reaction, 8-hydroxyguanosine, constitutes 2%—5% of the
amount of oxidised deoxyribose!®® Thus, bleomycin oxidises
nucleotide residues with a far greater selectivity than its redox
analogues.

Bleomycin does not form covalent linkages with DNA
foliowing oxidation of deoxyribose but it can bind to a new site
in DNA, and after reduction of the iron ion in the active centre it

can again oxidise the sugar-— phosphate backbone. Analysis of
extended DNA revealed that one antibiotic molecule stimulates the
formation of several molecules of free heterocyclic bases or
propenal derivatives.?®! The ability of one bleomycin molecule
to induce degradation of several DNA molecules has been
demonstrated for oligonucleotides used as targets.2%

In order to examine the ability of the bleomycin residue within
the structure of the oligonucleotide conjugate to cleave DNA
catalytically, a model with an equimolar target:reagent ratio
(Scheme 8 @) and 10-fold excess of the target relative to the reagent
(Scheme 8 b) was used. The cleavage sites in the scheme are marked
by arrows.264
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It is known that bleomycin more effectively cleaves double-
stranded DNA than single-stranded DNA.167.265-267 This circum-
stance considered, a model comprising a 14-meric DNA target, a
5'-bleomycin derivative of a heptanucleotide, and a heptanucleo-
tide complementary to the 3'-end of the target was chosen.

The catalytic activity of the bleomycin residue covalently
bound to the oligonucleotide, can be manifested (depending on the
experimental conditions) in a damage to several DNA target
molecules by one reagent molecule or in repeated attacks on the
same target by the complementary complex.

a. Repeated cleavage of a 14-meric DNA target by an
oligonucleotide derivative of bleomycin

Interaction of an oligonucleotide derivative of bleomycin with the
tetradecanucleotide at their equimolar ratio (Scheme 8 @) results in
a practically complete (80%) degradation of the target. This is
accompanied by the formation of a broad range of degradation
products and modification of sites T(3) — T(5) remote from the site
of covalent attachment of the antibiotic. At the same time, with a
10-fold excess of the target, the modification predominantly occurs
at G(7) (Scheme 8 b). This result can be interpreted in terms of
catalytic properties of the bleomycin residue, which under
conditions of an equimolar reagent : target ratio can be manifested
in repeated action on the DNA target. Analysis of the time
dependence of the tetradecanucleotide degradation at 20 °C
revealed that the target is primarily attacked at position G(7)
(Fig. 3). This is followed by accumulation of shorter fragments
formed upon the destruction of sites T(5), T(4) and T(3). The
amount of the degradation product at position G(7) does not
increase any longer but decreases with time. A similar situation is
observed when the cleavage occurs at position G(9). These findings
provide direct evidence in favour of repeated exposure of the DNA
target to the antibiotic action.
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Figure 3. Time dependence of the cleavage of the 14-meric DNA target by the oligonucleotide reagent (see Scheme 8 @) (electrophoretic and densitometric
data). Oligonucleotide concentrationis 1 x 10~5 mol dm—3; Nis the concentration of the product in the reaction mixture.

b. Degradation of several target molecules by one reagent molecule
In order to manifest the catalytic activity, the oligonucleotide
derivative of bleomycin has to attack one target molecule after
another. This will require an excess of the target and selection of
conditions enabling both ready dissociation of the complementary
reagent — target complex and, simultaneously, the stability needed
for efficient modification. Fig. 4 illustrates the cleavage of the DNA
target by the reagent at different temperatures and under
conditions when the reagent concentration is 10 times less than
that of the target and the heptanucleotide. The cleavage of the
target is a maximum in the temperature range of 25 —35 °C which
includes the melting temperature for the reagent - target complex
(Tmp. =33 °C). Under these conditions, the reagent readily
dissociates from the complementary complex, thereby enabling
its transfer from one target molecule to another. At the same time,
about half of the reagent molecules remain within the com-
plementary complex. An increase in temperature sharply decreases
the degree of cleavage, apparently, due to the decrease in the
concentration of the complementary reagent-target complex.
Lowering of temperature also diminishes the degree of the target
cleavage, which can be attributed to nonoptimal conditions for the
manifestation by the reagent of its catalytic activity. It has been
established that at temperatures around 30 °C, about 20% of the
target undergoes direct cleavage, while subsequent treatment with
piperidine reveal an additional 10% of sites that are labile under
alkaline conditions.?64

Degradation of about 30% of the tetradecanucleotide by the
oligonucleotide reagent and in the presence of a 10-fold excess of
the target testifies to the fact that one reagent molecule can attack,
on average, three target molecules. Restricted efficiency of the
reagent action in the presence of a sufficient amount of iron ions,

o (%)
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10

20 25 30 33 35 38 40

Figure 4. The total extent of cleavage (x) of l4-meric target DNA
(1 x10~3 mol dm —3) by the oligonucleotide reagent (1 x10~6 mol dm~3) in
the presence of heptanucleotide (1 x10~° mol dm—3) (see Scheme 8 ) at
different temperatures, according to densitometric analytical data.

45 T/°C
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reducing agents, and molecular oxygen may be attributed either to
the degradation of its oligonucleotide moiety or to the degradation
of the antibiotic itself. To elucidate possible reasons for the
restriction of the catalytic activity, synthesis of the
5'-32P-labelled reagent and cleavage of the nonlabelled target
DNA were carried out under conditions of 10-fold target excess
(Scheme 8 b). Electrophoretic analysis data indicate that catalytic
degradation of the target is accompanied by significant degrada-
tion of the oligonucleotide reagent.?** Removal of the bleomycin
residue from the reagent after termination of the reaction gave rise
to a nonmodified oligonucleotide. Hence, the restriction of the
reagent catalytic activity is associated with the destruction of
bleomycin itself.

Thus, chemical attachment of the antibiotic to the oligonucleo-
tide makes it possible to direct it to a preselected site of one of
nucleic acids and thus to increase markedly the selectivity of its
action on all these acids. The method described of covalent
attachment of bleomycin to the oligonucleotide %23 makes it
possible to preserve not only the ability of the antibiotic to cleave
DNA, but also its capacity for catalytic cleavage characteristic of
free bleomycin.
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