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AbstractÐTwo pyridine analogues of the metal complexing region of the anticancer drug bleomycin and two related but deacti-
vated prodrugs have been linked to a 2,6-diphenylpyridine derivative as a DNA binding unit. The 2,6-diphenylpyridine system is
structurally related to known ampli®ers of the cytotoxicity of bleomycin. The conjugates were found to bind to DNA more strongly
than bleomycin-A2 and were more cytotoxic than the corresponding compounds lacking the DNA binding unit. On exposure of a
mixture of cells and prodrugs to hypoxia and then air, the prodrug containing the nitrohistidine unit was not bioreductively acti-
vated but the prodrug having an N-oxide group was bioreductively activated. This result represents a novel approach to the
improvement of the therapeutic ratio of bleomycin analogues. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The targeting of a drug to the site of action is desirable
because this reduces indiscriminate toxicity and decreases
the chance of metabolism before the drug has had
chance to act. Generally, if the site of action is DNA,
the drug must pass from the blood stream, penetrate the
cellular and nuclear membranes and reach the DNA of
the target cell without being metabolised and without
causing extensive damage to cellular structures or func-
tions. Targeting of anti-cancer drugs is a particularly
di�cult problem and one approach under active inves-
tigation is to try to utilise the hypoxia present in regions
of solid tumours by using bioreductive activation of a
prodrug in those regions of oxygen de®ciency. We have
reported our approach to the development of bioreduc-
tively activated prodrugs based on the metal complexing
region of bleomycin A2 (BLM) (Figure 1, the asterisks
indicate the nitrogen atoms known to be involved in the
complexation with iron).1,2

The molecular architecture of the bleomycins contains
four regions: the metal complexing unit, a disaccharide,
a peptide linker unit and a bithiazole DNA binding unit
(Fig. 1).3

Bleomycin-A2 binds preferentially in the minor groove
of DNA though the method by which certain base

sequences in DNA are recognised is still not clear.4

Several BLM analogues having C-terminal bithiazole
units have been prepared and their action on DNA
studied.5 The observation that DNA degradation is
enhanced by the addition of a DNA binding unit on to
the metal complexing portion of bleomycin has led to
the synthesis of many analogues which di�er in the DNA
binding unit. Distamycin carriers6 and lexitropsins7

have been used as the DNA ligand and for these it is
known that two or more N-methylpyrrole or thiazole
nuclei are required for selective binding with DNA.7,8

Recently, novel acridine derivatives which cleave DNA
in a sequence-neutral manner have been reported.9 In
other work, hybrids containing both the metal-binding
unit and a DNA ligand were found necessary for DNA
degradation.3 Variation of the linker between the metal
complexing region and the DNA-ligand causes changes
in the sequence selectivity and the e�ciency of DNA
degradation.3

One method of enchancing the activity of BLM is to use
the drug in combination with a compound that alone has
no activity or toxicity but which ampli®es the action of
BLM.10 The best ampli®ers of BLM are composed of at
least two fused or unfused but conjugated aromatic nuclei
which carry an existing or potential cationic centre.11 The
mechanism of the ampli®cation is not fully understood
but it is believed that the cationic side chain of these
ampli®ers lies in the major groove and that this causes
expansion of the minor groove of DNA allowing easier
access by BLM.12 2,5-Diarylthiophenes, e.g., 1, and 2,6-
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diarylpyridines, e.g., 2 (Fig. 2), carrying side-chains
which have terminal tertiary amine groups are particu-
larly e�ective ampli®ers for BLM.11c The DNA binding
constant for 111b is 13�106Mÿ1 which is greater than
that for bleomycin (105Mÿ1).13 In order that two amino
functions in one chain of an aliphatic diamine at pH 7
are protonated the nitrogen atoms must be separated by
at least three methylene groups.11c,14 Thus, these ampli-
®ers have some characteristics which are similar to the
bithiazole unit in BLM.

We have described the preparation of analogues (pro-
drugs) of the metal complexing moiety of bleomycin
which do not complex with Fe(II) or Fe(III) because of
the presence of deactivating groups (nitro or N-oxide
groups). It is hoped that these groups would be reduced
in the hypoxic cells of solid tumours (bioreductive acti-
vation) to form compounds (active drugs) that do bind
with iron ions and generate hydroxyl radicals in the
presence of oxygen. Here we report the preparation of
conjugates where these prodrugs and the corresponding

chemically reduced compounds are linked to an analogue
of known ampli®ers of bleomycin activity. We reasoned
that the ampli®er would bind with DNA and open the
minor groove so allowing the reduced prodrug (formed
selectively in hypoxic cells) to bind iron ions and exhibit
its cytotoxic action.

Results and Discussion

Chemistry

The synthesis of 3±6 (Fig. 3) was accomplished in a 3-
step procedure from the esters 9±11,2 and 12. The ®rst
step in the preparation of 12 was the reaction of nitro-
histidine methyl ester hydrochloride, obtained by the
esteri®cation of nitrohistidine,15 with the acid (7)2

(Fig. 4) in the presence of 1-[3-(dimethylamino)propyl]-
3-ethylcarbodiimide hydrochloride (EDCI) and 1-
hydroxybenzotriazole (HOBT) as activating agents to
give the ester (12) in 36% yield. The hydrolysis of the
esters (9±12) with lithium hydroxide was carried out at
0 �C (Scheme 1). The reaction mixture was neutralised
with dilute HCl to avoid removal of the protecting
groups as the tert-butoxycarbonyl group is labile to
strong acids. The acid was isolated by freeze-drying the
aqueous solution but was contaminated with a small
quantity of lithium chloride. The acids (13±16) were
used in the next step without puri®cation. Available to
us was the novel ampli®er (8)16 (Fig. 4) having two dif-
ferent chains: one terminating in a potentially cationic
tertiary amine group and the other ending in the pri-
mary amine necessary for the envisaged amide linkage
to be formed by reaction of the acids (13±16) with N-(2-
aminoethyl)-4-(6-[4-{2-(dimethylaminoethyl)-thiomethyl}
phenyl]pyridin-2-yl)benzamide (8). Attempted coupling
of the acid (13) with 8 in presence of diphenylphos-
phoryl azide17 to give 17 was unsuccessful because of
the di�culty experienced in attempts to isolate the pure
product from a complex mixture. However, separate
condensation of the acids (13±16) with N-(2-amino-
ethyl)-4-(6-[4-{2-(dimethylaminoethyl)thiomethyl}phenyl]-
pyridin-2-yl)benzamide (8) using EDCI and HOBT as

Figure 1. Bleomycin A2.

Figure 2. Examples of ampli®ers of the cytotoxicity of bleomycin. Figure 3. Bleomycin analogues.
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activating agents gave the coupled compounds 17±20,
respectively, in 30±36% yield after repeated slow ¯ash
chromatography (Scheme 1). The tert-butoxycarbonyl
groups were removed from 17±20 by treatment with
tri¯uoroacetic acid at 0 �C. The corresponding free
amines 3±6, respectively, were isolated in high yields by
passing an aqueous solution of the peptide tri¯uoro-
acetates through an ion exchange resin.

Physico-chemical measurements

The formation of a metal complex and subsequent acti-
vation of dioxygen is the means by which bleomycin is

believed to exert its cytotoxic e�ect.18 The production of
hydroxyl radicals with time was measured by observa-
tion of the ¯uorescence produced upon hydroxylation
of benzoate to give salicylate. The other isomeric
hydroxybenzoates are not ¯uorescent. The assay was
calibrated by 60Co irradiation of an aqueous benzoate
solution saturated with nitrous oxide. Under these con-
ditions the formation of salicylate is proportional to the
radiation dose.19

Iron(II) reacts with hydrogen peroxide to produce
hydroxyl radicals (Fenton reaction). The addition of the
BLM analogues 3±6 to this mixture caused an increase
in the hydroxylation of benzoate and 3 and 5 produced
a much greater e�ect than bleomycin (Fig. 5A). An
increase in hydroxyl radical formation is presumably
due to the chelator facilitating redox cycling of iron(II)
and iron(III).

In the presence of iron(III) and hydrogen peroxide, the
analogues 3 and 5 and BLM caused some hydroxylation
of benzoate but less than that produced by iron(III) and
hydrogen peroxide alone (Fig. 5B). The other analogues
4 and 6, produced a small amount of hydroxyl radicals.
As expected, no hydroxylation was produced by iron(III)

Scheme 1. Reagents and conditions: (a) LiOH, 0 �C, 2 h; (b) 8, EDCI,
HOBT, DMF, Et3N, 24 h.

Figure 4. Intermediates in the synthesis of bleomycin analogues.

Figure 5. The e�ect on hydroxyl radical production upon the addition
of bleomycin and its analogues to a mixture of hydrogen peroxide and
iron(II) A and iron(III) B.
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and the analogues in the absence of hydrogen peroxide
because of the lack of a reducing agent.

Hydroxyl radicals are produced when air is passed
through a solution of iron(II) and 3 or 5 or BLM. Ana-
logue 5 was more e�ective than bleomycin (Fig. 6A). No
signi®cant hydroxyl radical production was observed
with 4 and 6. In an atmosphere of oxygen BLM was the
most e�ective (Fig. 6B). TheN-oxide derivative 4 and the
nitro compound 6 showed insigni®cantly small activity
as expected.

Surprisingly, the hydroxyl radical production by 3 and 5
was greater than that found for the corresponding
metal binding units lacking the DNA binding moiety,
AMPHIS (21) and 22 (Fig. 7). A similar increased
hydroxyl radical production has been reported for radi-
cal production when AMPHIS (21) metal binding
ligand was attached to a bithiazole binding unit.20

Caution is prudent in interpreting the results of scav-
enging oxidizing intermediates with either ¯uorescent
detection of hydroxylated products (Figs 5 and 6) or
with spin traps. The formation of salicylate from
benzoate was calibrated using `free' hydroxyl produced
radiolytically, and we have therefore labelled Figures 5
and 6 with the equivalent hydroxyl radical concentration.
However, many studies point to the participation of

iron-oxo intermediates in bleomycin system.21 Other
studies argue for free hydroxyl production, e.g., based
on detecting a hydroxylated coumarin.22 Other factors,
in addition to the production of oxidizing intermediates,
such as the drug±DNA interaction and the protective
e�ects of histone proteins, must be re¯ected in the bio-
logical e�cacy of these compounds. Close parallels
between the hydroxylation e�ciencies (whether or not
re¯ecting `free' hydroxyl radicals) and cytotoxicities are
not expected.

DNA binding and biological assay

The decrease in ethidium ¯uorescence with increasing
drug concentration was used to measure the binding
constant.23 When a drug which binds to DNA is intro-
duced into a solution of DNA saturated with ethidium,
some of the ethidium is displaced into the solution. The
amount of ethidium displaced for a given quantity of
drug is related to the binding constant of the drug.
Ethidium in aqueous solution has little ¯uorescence
compared to ethidium complexed with the hydrophobic
region of DNA. The bleomycin analogues 3±6 were
found to bind to DNA by a factor of ten more strongly
than bleomycin itself (Table 1).

The cytotoxicity of the compounds against Chinese
hamster V79 cells was measured after mammalian cells
(V79 hamster ®broblast like) were exposed to a solution
of the BLM analogues in an atmosphere of either air
for 1 h or nitrogen (30min) and then air (30min). As
expected, in air alone, only the analogues 3 and 5 pro-
duced any cell kill, but at a higher concentration of
these compounds than was required for bleomycin (Fig.
8). The compound 5 carrying a 4-methoxy group on the
pyridine ring of the metal-binding unit was somewhat
more cytotoxic than the AMPHIS derivative 3. In
addition, compounds 3 and 5 were approximately one
order of magnitude more cytotoxic than the corre-
sponding compounds 21 and 22 without the DNA-
binding moiety.2 The prodrugs 4 or 6 and cells were
treated di�erently. They were exposed to hypoxia for

Figure 7. AMPHIS and its methoxy analogue.

Figure 6. Hydroxyl radical production by bleomycin and its analogues
in the presence of iron and air A and oxygen B.

Table 1. Binding constants of bleomycin analogues to DNA

BLM analogue DNA binding constant at pH 7.5/Mÿ1

BLM-A2 1.2�105,a
3 7.5�106
4 3.0�106
5 8.2�106
6 6.2�106

aAt pH 8.4.
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30min and then allowed to stand in air for 30min. The
cytotoxicity of 6 showed little change compared to that
found in air alone. However, the N-oxide prodrug 4
showed a marked increase in cytotoxicity due to it being
bioreductively activated in hypoxia.

Two important points concerning the mechanism of
activation merit mention. Firstly, reductive activation in
hypoxia followed by reoxygenation of the same region
in tumours is possible.24 Thus a di�usible cytotoxin is
not essential. However, agents which bind strongly to
DNA are unlikely to di�use far and exhibit a `bystander
e�ect', i.e., kills cells distant from the site of reduction. A
second factor in comparing the toxicities of nitroarenes
and the corresponding amines is that while the amines
are easiest to synthesize and handle experimentally,
intermediate bioreduction products, particularly the
hydroxylamine, are likely to be more important, especially
with nitroimidazoles.25 However, the major shift in metal
binding properties which accompanies nitroreduction is
likely to be broadly similar regardless of whether nitro-
reduction is to the amine or the hydroxylamine.

The lack of signi®cant toxicity of the nitroarene 6 after
hypoxia/reoxygenation could be due to the quite short
period of hypoxic incubation and/or the likely rather
low reduction potential of this 4(5)-nitroimidazole,
which would result in a low extent or rate of nitro-
reduction. Further studies are needed to assess the
potential value of this approach using nitroarenes.

In conclusion, the di�erential behaviour found for the
prodrug 4 represents a novel approach to improving the
therapeutic ratio of bleomycin analogues.

Experimental

Melting points (mp) are determined on an Electrothermal
digital apparatus and are uncorrected. 1H NMR spectra
were obtained on Jeol FX200 (200MHz) or Bruker

AM360 (360MHz) spectrometer using TMS as internal
standard. J values are given in Hertz (Hz) for solutions
in DMSO-d6. Accurate mass measurements were carried
out at the EPSRC National Mass Spectrometry Service
Centre, University of Wales, Swansea, UK. Fluores-
cence spectra were measured using a Perkin±Elmer
LS50B luminescence spectrometer.

Thin layer chromatography was performed on silica gel
plates (0.25mM with ¯uorescent indicator UV254)
obtained from Camlab, Germany. Column chromato-
graphy was carried out using silica gel MPD 60AÊ (40±60
microns) and developed under slight positive pressure.
Petroleum ether refers to light petroleum (bp 40±60 �C)
and ether refers to diethyl ether. All solvents were
redistilled before use.

Eagle's minimum essential medium, Earle's salt and
Hank's saline were obtained from Sigma Chemical
Company, Poole, UK.

2-(N - [tert -Butoxycarbonyl] -N - [2 - tert -butoxycarbonyl-
aminoethyl]aminomethyl)-4-methoxy-N-(5-nitro-2-imid-
azol-4-yl]-1-[methoxycarbonyl]ethyl)pyridine-6-carbox-
amide (12). A mixture of 2-([N-{2-([tert-butoxycar-
bonyl]amino)ethyl} -N - (tert - butoxycarbonyl)amino]-
methyl)-4-methoxypyridine-6-carboxylic acid (7) (0.13 g,
0.31mmol), 1-[3-(dimethylamino)propyl]-3-ethylcarbo-
diimide hydrochloride (0.1 g, 0.52mmol) and 1-hydroxy-
benzotriazole (0.07 g, 0.52mmol) in anhydrous DMF
(5mL) was stirred under nitrogen at room temperature
for 30min. To this solution was added dropwise tri-
ethylamine (1.5mL) and subsequently the nitrohistidine
methyl ester hydrochloride (0.12 g, 0.48mmol). The
solution was stirred overnight, solvent removed in
vacuo and the residue dissolved in ethyl acetate. The
solution was washed with saturated aqueous sodium
bicarbonate, dried (Na2SO4) and the solvent evapo-
rated. The residue was puri®ed by silica-gel column
chromatography (ethyl acetate:petroleum ether, 8:2) to
give 10 (0.09 g, 50%), mp 90±92 �C. IR (KBr) n 3370
(NH), 1698 (C�O), 1514 (NO2), 1388 (NO2) cm

ÿ1; 1H
NMR (360MHz, (CD3)2SO) d 1.35 (18H, s, 2�COOC
(CH3)3), 3.11 (2H, m, CH2), 3.35 (2H, m, CH2), 3.53
(2H, m, CH2), 3.65 (3H, s, CH3), 3.87 (3H, s, OCH3),
4.44 (2H, s, CH2), 4.87 (1H, m, CH), 6.80 (1H, brs, NH
exchanged with D2O), 6.85 (1H, s, 3-H), 7.38 (1H, s, 5-H),
7.70 (1H, s, 2-H of imidazole), 8.89 (1H, brs, NH exchan-
ged with D2O), 13.14 (1H, brs, NH exchanged with D2O);
FAB±HRMS calcd for C27H40N7O10 (M+H) 622.2845.
Found: 622.2836.

General procedure for the hydrolysis of esters

A solution of the appropriate ester (0.7mmol) in
THF:MeOH:H2O (3:1:1, 20mL), was treated with
aqueous 1 N lithium hydroxide (1mL) and the mixture
stirred at 0 �C for 2 h. After most of the THF and
methanol had been evaporated, the aqueous phase was
extracted with chloroform (50mL). The aqueous phase
was acidi®ed with 1.2 N HCl to pH 7 and the mixture
was freeze±dried to give a solid which was used in the
next step without further puri®cation.

Figure 8. Cytotoxicity to Chinese hamster V79 cells. Solid symbols
refer to exposure to air (1 h) and open symbols refer to incubation in
hypoxia (30min) followed by exposure in air (30min). The data set for
compound 6 in air is indistinguishable from that for 4 in air.
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2-(N - [tert -Butoxycarbonyl] -N - [2 - tert -butoxycarbonyl-
aminoethyl]aminomethyl) -N - (1-carboxy-2-[imidazol-4-
yl]ethyl)pyridine-6-carboxamide (13). (IR) (KBr) n 3424
(OH), 1670 (C�O) cmÿ1; 1H NMR (360 MHz,
(CD3)2SO) d 1.36 (18H, s, 2�COOC(CH3)3), 3.06 (2H,
m, CH2), 3.12 (2H, m, CH2), 3.38 (2H, m, CH2), 4.34
(1H, m, CH), 4.49 (2H, s, CH2), 6.73 (1H, s, 5-H of
imidazole), 6.88 (1H, brs, NH exchanged with D2O),
7.35 (1H, t, J=8Hz, 4-H), 7.50 (1H, s, 2-H of imida-
zole), 7.90 (1H, d, J=7Hz, 3-H), 7.95 (1H, m, 5-H),
9.85 (1H, m, NH exchanged with D2O).

2-(N-[tert-Butoxycarbonyl]-N-[2-tert-butoxycarbonylamino-
ethyl]aminomethyl)-N-(1-carboxy-2-[imidazol-4-yl]ethyl)-
1-oxo-pyridine-6-carboxamide (14). (IR) (KBr) n 3444
(OH), 1654 (C�O) cmÿ1; 1H NMR (360MHz,
(CD3)2SO) d 1.36 (18H, s, 2�COOC(CH3)3), 3.09 (2H,
m, CH2), 3.32 (2H, m, CH2), 4.49 (2H, s, CH2), 4.70
(1H, m, CH), 6.89 (1H, s, 5-H of imidazole), 7.35 (1H, t,
J=8Hz, 4-H), 7.60 (1H, d, J=8Hz, 3-H), 7.68 (1H, s,
2-H of imidazole), 8.18 (1H, d, J=6Hz, 5-H), 11.52
(1H, m, NH exchanged with D2O).

2-(N-[tert-Butoxycarbonyl]-N-[2-tert-butoxycarbonylamino-
ethyl]aminomethyl)-N-(1-carboxy-2-[imidazol-4-yl]ethyl)-
4-methoxypyridine-6-carboxamide (15). (IR) (KBr) n
3320 (OH), 1708 (C�O), 1664 (C�O) cmÿ1; 1H NMR
(360MHz, (CD3)2SO) d 1.36 (18H, s, 2�COOC(CH3)3),
3.04 (2H, m, CH2), 3.12 (2H, m, CH2), 3.37 (2H, m,
CH2), 3.88 (3H, s, OCH3), 4.44 (2H, s, CH2), 4.61 (1H,
m, CH), 6.50 (1H, brs, NH exchanged with D2O), 6.86
(2H, s, 3-H and 5-H of imidazole), 7.43 (1H, s, 5-H),
7.62 (1H, s, 2-H of imidazole), 8.97 (1H, brs, NH
exchanged with D2O); FAB±HRMS calcd for C26H39

N6O8 (M+H) 563.2829. Found: 563.2855.

2-(N-[tert-Butoxycarbonyl]-N-[2-tert-butoxycarbonylamino-
ethyl]aminomethyl)-N-(1-carboxy-2-[5-nitroimidazol-4-yl]-
ethyl)-4-methoxypyridine-6-carboxamide (16). (IR) (KBr)
n 3442 (OH), 1664 (C�O) cmÿ1; 1H NMR (360MHz,
(CD3)2SO) d 1.36 (18H, s, 2�COOC(CH3)3), 3.11±3.59
(6H, m, 3�CH2), 3.88 (3H, s, OCH3), 4.25 (1H, m, CH),
4.45 (2H, s, CH2), 6.50 (1H, brs, NH exchanged with
D2O), 6.81 (1H, s, 5-H of imidazole), 6.86 (1H, s, 3-H),
7.40 (1H, s, 5-H), 7.59 (1H, s, 2-H of imidazole), 8.96
(1H, m, NH exchanged with D2O).

General procedure for the preparation of the
histaminamides (17±20)

A mixture of the appropriate acid (0.18mmol), 1-[3-(di-
methylamino)propyl]-3-ethylcarbodiimide hydrochloride
(0.21mmol) and 1-hydroxybenzotriazole (0.22mmol) in
anhydrous DMF (10mL) was stirred under nitrogen at
room temperature for 30min. To this solution was added
dropwise triethylamine (0.7mL) and subsequently N-(2-
aminoethyl)-4-(6-[4-{(2-dimethylaminoethyl)thiomethyl}-
phenyl]pyridin-2-yl)benzamide (8) (0.23mmol). The
solution was stirred overnight, solvent removed in
vacuo and the residue dissolved in ethyl acetate. The
solution was washed with saturated aqueous sodium
bicarbonate, dried (Na2SO4) and the solvent evaporated.
The residue was puri®ed by column chromatography.

N-(6-[N-{tert-Butoxycarbonyl}-N-{2-tert-butoxycarbonyl-
aminoethyl}aminomethyl]-pyridine-2-carbonyl)-N0-(2-[4-
{6-(4-[{2-dimethylaminoethyl}thiomethyl]phenyl)-pyridin-
2-yl}benzamido]ethyl)histaminamide (17). Yield, 30%
(silica-gel eluted with methanol:dichloromethane, 1:19)
as a colourless amorphous solid; 1H NMR (200MHz,
(CD3)2SO) d 1.35 (18H, s, 2�COOC(CH3)3), 2.19 (6H,
s, N(CH3)2), 2.53 (2H, m, CH2), 3.09 (2H, m, CH2), 3.15
(2H, m, CH2), 3.43 (8H, m, 4�CH2), 3.83 (2H, s,
CH2S), 4.52 (2H, s, CH2N), 4.65 (1H, m, CH), 6.78 (1H,
brs, NH exchanged with D2O), 6.83 (1H, s, 5-H of imi-
dazole), 7.25 (2H, m, 3- and 4-H), 7.50 (3H, m, 2-H of
imidazole and ArH), 7.96 (5H, m, ArH), 8.20 (5H, m, 5-
H and ArH), 8.72 (1H, brs, NH exchanged with D2O);
FAB±HRMS calcd for C50H64N10O7SNa (M+Na):
971.4578. Found: 971.4587.

N-(6-[N-{tert-Butoxycarbonyl}-N-{2-tert-butoxycarbonyl-
aminoethyl}aminomethyl]-1-oxopyridine-2-carbonyl)-N0-
(2- [4-{6-(4- [{2-dimethylaminoethyl}thiomethyl]phenyl)-
pyridin-2-yl}benzamido]ethyl)histaminamide (18). Yield,
36% (silica-gel eluted with methanol:dichloromethane,
1:19) as a colourless amorphous solid; 1H NMR
(200MHz, (CD3)2SO) d 1.36 (18H, s, 2�COOC(CH3)3),
2.19 (6H, s, N(CH3)2), 2.53 (4H, m, 2�CH2), 3.26±3.83
(10H, m, 5�CH2), 3.82 (2H, s, CH2), 4.52 (2H, s,
CH2N), 4.71 (1H, m, CH), 6.70 (1H, brs, NH exchanged
with D2O), 6.83 (1H, s, 5-H of imidazole), 7.50 (5H, m,
2-H of imidazole, 3- and 4-H and ArH), 7.97 (5H, m,
ArH), 8.13±8.27 (5H, m, 5-H and ArH), 8.67 (1H, brs,
NH exchanged with D2O); FAB±HRMS calcd for C50

H64N10O8SNa (M+Na): 987.4527. Found: 987.4546.

N-(6-[N-{tert-Butoxycarbonyl}-N-{2-tert-butoxycarbonyl-
aminoethyl}aminomethyl]-4-methoxypyridine-2-carbonyl)-
N0-(2-[4-{6-(4-[{2-dimethylaminoethyl}thiomethyl]-phenyl)-
pyridin-2-yl}benzamido]ethyl)histaminamide (19). Yield,
36% (silica-gel eluted with methanol:dichloromethane,
1:9) as a colourless amorphous solid; 1H NMR
(360MHz, (CD3)2SO) d 1.34 (18H, s, 2�COOC(CH3)3),
2.11 (6H, s, N(CH3)2), 2.40 (2H, m, CH2), 2.19±3.19
(10H, m, 5�CH2), 3.82 (2H, s, CH2S), 3.95 (3H, s,
OCH3), 4.45 (2H, s, CH2N), 4.57 (1H, m, CH), 6.84
(1H, s 5-H of imidazole), 7.07 (1H, s, 3-H), 7.42 (1H, s,
5-H), 7.47 (2H, d, J=8Hz, ArH), 7.64 (1H, s, 2-H of
imidazole), 7.98 (5H, m, ArH), 8.17 (2H, m, ArH), 8.27
(2H, m, ArH), 8.85 (1H, m, NH exchanged with D2O);
FAB-HRMS calcd for C51H67N10O8S (M+H):
979.4864. Found: 979.4901.

N-(6-[N-{tert-Butoxycarbonyl}-N-{2-tert-butoxycarbonyl-
aminoethyl]aminomethyl]-4-methoxypyridine-2-carbonyl)-
N0-(2-[4-{6-(4-[{2-dimethylaminoethyl}thiomethyl]phenyl)-
pyridin - 2 - yl}benzamido]ethyl) - 4(5) - nitrohistaminamide
(20). Yield, 36% (silica-gel eluted with methanol:di-
chloromethane, 6:94) as a yellow amorphous solid; 1H
NMR (360MHz, (CD3)2SO) d 1.35 (18H, s,
2�COOC(CH3)3), 2.21 (6H, s, N(CH3)2), 2.55 (2H, m,
CH2), 3.13 (2H, m, CH2), 3.36±3.46 (10H, m, 5�CH2),
3.83 (2H, s, CH2S), 3.89 (3H, s, OCH3), 4.44 (2H, s,
CH2N), 4.83 (1H, m, CH), 6.82 (1H, s, 3-H), 7.36 (1H,
s, 5-H), 7.49 (2H, d, J=8Hz, ArH), 7.65 (1H, s, 2-H of
imidazole), 7.97 (5H, m, ArH), 8.18 (2H, d, J=8Hz,
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ArH), 8.26 (2H, d, J=9Hz, ArH), 8.58 (1H, brs, NH
exchanged with D2O); FAB±HRMS calcd for
C51H66N11O10S (M+H): 1024.4714. Found: 1024.4646.

General method for the removal of tert-butoxycarbonyl
groups

To the appropriate protected compound (0.1 g), tri-
¯uoroacetic acid (5mL) was added and the mixture
stirred for 1 h at 0 �C. Tri¯uoroacetic acid was then
removed in vacuo and the residue dissolved in water.
The aqueous solution was charged on to a column of
Amberlite IRA 93 (as a free base, 7 cm height of the ion
exchange resin in the column) and the column was
eluted with water. The ®rst ®ve fractions were combined
and freeze-dried to give the target compounds as
hygroscopic foams.

N-(6-[N-{Aminoethyl}aminomethyl]pyridine-2-carbonyl)-
N0-(2-[4-{6-(4-[{2-dimethylaminoethyl}thiomethyl]phenyl)-
pyridin -2-yl}benzamido]ethyl)histaminamide (3). Yield,
94%; 1H NMR (200MHz, (CD3)2SO) d 2.22 (6H, s,
N(CH3)2), 2.57 (2H, m, CH2), 2.81±3.34 (12H, m,
6�CH2), 3.83 (2H, s, CH2S), 3.94 (2H, s, CH2N), 4.64
(1H, m, CH), 6.83 (1H, s, 5-H of imidazole), 7.55 (5H,
m, 2-H of imidazole, 3- and 4-H, ArH), 7.96 (5H, m,
ArH), 8.21 (5H, m, ArH), 8.66 (1H, brs, NH exchanged
with D2O); FAB±-HRMS calcd for C40H49N10O8S
(M+H): 749.3709. Found: 749.3652.

N-(6-[N-{Aminoethyl}aminomethyl]-1-oxopyridine-2-car-
bonyl)-N0-(2-[4-{6-(4-[{2-dimethylaminoethyl}thiomethyl]-
phenyl)pyridin-2-yl}benzamido]ethyl)histaminamide (4).
Yield, 92%; 1H NMR (200MHz, (CD3)2SO) d 2.12
(6H, s, N(CH3)2), 2.56 (2H, m, CH2), 2.82±3.49 (12H,
m, 6�CH2), 3.82 (2H, s, CH2S), 3.85 (2H, s, CH2N),
4.70 (1H, m, CH), 6.82 (1H, s, 5-H of imidazole), 7.52
(5H, m, 2-H of imidazole, 3- and 4-H, ArH), 7.96 (5H,
m, ArH), 8.13±8.26 (5H, m, 5-H and ArH), 11.47 (1H,
brs, NH exchanged with D2O).

N-(6-[N-{Aminoethyl}aminomethyl]-4-methoxypyridine-
2-carbonyl)-N0-(2-[4-{6-(4-[{2-dimethylaminoethyl}thio-
methyl]phenyl)pyridin-2-yl}benzamido]ethyl)histaminamide
(5). Yield, 90%; 1H NMR (360MHz, (CD3)2SO) d 2.18
(6H, s, N(CH3)2), 2.69 (2H, m, CH2), 2.77 (2H, m,
CH2), 2.90 (2H, m, CH2), 3.16±3.35 (8H, m, 4�CH2),
3.83 (3H, s, CH2S), 3.87 (5H, s, OCH3 and CH2N), 4.61
(1H, m, CH), 6.85 (1H, s, 5-H of imidazole), 7.22 (1H,
d, J=1Hz, 3-H), 7.39 (1H, d, J=1Hz, 5-H), 7.49 (2H,
d, J=8Hz, ArH), 7.59 (1H, s, 2-H of imidazole), 7.99
(5H, m, ArH), 8.18 (2H, d, J=8Hz, ArH), 8.26 (2H, d,
J=6Hz, ArH), 8.95 (1H, brs, NH exchanged with
D2O); FAB±MS m/z 779 (M+H).

N-(6-[N-{Aminoethyl}aminomethyl]-4-methoxypyridine-
2-carbonyl)-N0-(2-[4-{6-(4-[{2-dimethylaminoethyl}thio-
methyl]phenyl)pyridin-2-yl}benzamido]ethyl)-4(5)-nitro-
histaminamide (6). Yield, 90%; 1H NMR (360MHz,
(CD3)2SO) d 2.16 (6H, s, N(CH3)2), 2.62 (2H, m, CH2),
2.86±3.21 (12H, m, 6�CH2), 3.75 (2H, s, CH2S), 3.76
(3H, s, OCH3), 3.83 (2H, s, CH2N), 4.61 (1H, m, CH),
7.25 (1H, s, 3-H), 7.40 (1H, s, 5-H), 7.37 (2H, d,

J=8Hz, ArH), 7.82 (5H, m, ArH), 8.05 (2H, d, J=
8Hz, ArH), 8.12 (2H, d, J=8Hz, ArH), 8.50 (1H, brs,
NH exchanged with D2O); FAB±HRMS calcd. for
C41H50N11O6S (M+H): 824.3666. Found: 824.3643.

Physico-chemical measurements

Benzoate hydroxylation assay. The formation of oxidis-
ing species was detected by the addition of ammonium
ferrous sulfate (100mmol in bu�er) to a mixture of
sodium benzoate (5mmol), the BLM analogue
(110 mmol) and phosphate bu�er (10mmol, pH 5) and
noting the change in ¯uorescence intensity with time.
Hydroxylation of benzoate gives the ¯uorescent, 2-
hydroxybenzoate, together with the other non-¯uor-
escent isomers. The assay was calibrated using steady-
state g-irradiation (from a 60Co source, dose rate of
0.0941 Gysÿ1, determined by Fricke dosimetry) of
aqueous benzoate (5mmol in 10mL phosphate bu�er at
pH 5.0) saturated with N2O, when the formation of
salicylate is known to be proportional to the radiation
dose.19b The e�ect of oxygen or air on the system was
investigated by passing the gas through the reaction
mixture before the addition of ammonium ferrous sulfate.

E�ect of 3±6 and bleomycin on the Fenton reaction.
Ammonium ferrous sulfate (100 mM in bu�er) or
ammonium ferric sulfate (100 mM in bu�er) was added
to a solution of hydrogen peroxide (1mM) and sodium
benzoate (5mM) in phosphate bu�er (10mM, pH 5),
and the change in ¯uorescence intensity with time was
measured.

A similar study of ¯uorescence obtained from solutions
containing additionally the compounds 3±6 or bleomycin
(110 mM) was made.

Production of hydroxyl radicals in the presence of air or
oxygen. Either air or oxygen was bubbled through a
solution of sodium benzoate (5mM) and 3±6 or bleo-
mycin (110 mM) in phosphate bu�er (10 mM, pH 5) for
10min. Ammonium ferrous sulfate solution was then
added to give a ®nal concentration of 100 mM. The
change in ¯uorescence with time was measured.

DNA binding assay. The binding of the BLM analogues
to DNA was measured by recording the loss of ¯uores-
cence of the ethidium bromide±DNA complex (lexc
525 nM, lem 600 nM) as the concentration of the ana-
logue increases.

A solution of ethidium bromide (8 mmol) in TES (N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid,
EDTA bu�er (0.5mmol) and DNA (9.92 mmol) at pH
7.5 or 6 (adjusted with aq HCl) was prepared. The
quenching of the ¯uorescence of this solution by the
consecutive addition (mL) at 5min intervals of the solu-
tion of the analogue was recorded. All ¯uorescence
readings were corrected by the blank value obtained for a
solution of ethidium bromide in bu�er alone. The pro-
cess was continued until the ¯uorescence was quenched
by more than 50%. These data allow the binding con-
stants to be calculated.21
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Biological assays

Cytotoxicity studies in air. The Chinese hamster cells
used had a doubling time of 12 h in Eagle's minimum
essential medium supplement with Earle's salts and 10%
fetal calf serum. The pH of the medium during
subculture and colony growth was controlled by the
addition of sodium bicarbonate (2.2 gLÿ1) and the
maintenance of 5% carbon dioxide in the incubator at
37 �C.

Cells were plated to yield 2000 and 200 cells per dish
and were incubated for 1 h prior to exposure. The med-
ium was then removed and replaced by 2mL of the drug
solution in the medium and the control treated with the
medium alone. The cells were exposed for 4 h, except for
those treated with 3, 4, 5 and 6 which were exposed for
1 h, while still attached and in the incubator.

At the end of the treatment, the medium containing
drug was removed and each culture dish washed once
with Hank's saline (2mL). The cells were then incu-
bated for 7 days in culture medium (4mL). After 7 days,
the cell colonies were stained with crystal violet and the
number of surviving colonies counted.

Cytotoxicity studies in hypoxia followed by air. The cell
suspension in Eagle's spinner medium (SMEM) was
diluted to a concentration of 2�105 cells/mL. The sus-
pension was then split into 4mL portions and spun
down at 2000 rpm for 5min. The pellets were resus-
pended in solutions of compound 3 and 5 (4mL) of a
range of concentrations in SMEM and in SMEM alone
as a control. The cell samples were then incubated for
2 h under ¯owing atmosphere of nitrogen and carbon
dioxide (95:5%, respectively) at 37 �C. The cell samples
were then incubated under a stationary atmosphere of
nitrogen and carbon doxide (95:5%). A sample (0.5mL)
was then removed from each cell sample and spun down
at 2000 rpm. The pellet was washed with Hank's saline
(2mL) and resuspended in SMEM (5mL) to give a cell
concentration of about 2�104 cells/mL. The cell sus-
pension (1mL) was diluted with SMEM (9mL). The
diluted suspension (1mL) was plated in culture medium
(3mL) to yield 2000 cells per dish and additionally the
diluted suspension (100 mL) was plated in culture med-
ium (4mL) to yield 200 cells per dish. The cells were
incubated for 7 days and then counted.

The cytotoxicity of compounds 4 and 6 was assessed by
the same procedure except that the times allowed under
hypoxic conditions and in air were for 30min in each
case.
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